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I am confident that humanity’s survival
depends on all of our willingness to
comprehend feelingly the way nature works

Buckminster Fuller



I dedicated this book to my wife Adriana,
and to late Tico and Tucha, my companions
of writing, sources of all my drive,
inspiration and mental integrity, ever
present memories of our common
Earthling condition



Foreword

Although human ingenuity makes various inventions it will never discover inventions more
beautiful, appropriate and more direct than in Nature because in her nothing is lacking
and nothing is superfluous.

Leonardo da Vinci

In Nature there is an economic use of energy and materials. Water and air are vital
for the plant and animal kingdoms to live and much of architecture is about how
these are channelled in various climates in order to provide the best environment
for the organism’s survival. Much of our aesthetic is derived from the organic and
fluid language that you find in Nature. It involves complex, three dimensional
geometries but there is always a rigorous logic behind them. Animals, including
humans, and plants have evolved various strategies for dealing with control to suit
the local changing conditions such as thermal insulation, cooling via radiating
surfaces, blood flow. In addition, plants are unique in being able to convert sun-
light into integrated functionality in the process of photosynthesis.

The words optimisation and integration are often used by building design teams
but often without any idea about how these can be achieved, even though there are
methods in operational research such as dynamic, integer or linear programming
available. Integration and optimisation in Nature appear as completely natural
processes.

Now many researchers and designers believe in sustainable solutions for
architecture using lessons from the natural world. The attraction of biomimetics
for building designers is that it raises the prospect of closer integration of form and
function. It promises to yield more interaction with the user by for example,
learning from the sophisticated sensor systems in animals including the insect
world. However, there are barriers including ever changing standards; the frag-
mentation of the construction industry at educational and professional levels; the
persistent traditional culture with regard to matters like innovation and sacrificing
value for cheap capital cost.

This book presents a true galaxy of ideas from biomimetics and how they
maybe applied in engineering and architecture. The ideas here will have radical
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consequences for architecture. New materials can make not only low energy but
also more beautiful facades that can produce healthier climates for people to work
in. Energy systems using bacterial fuel cells, self-cleaning and self-healing
materials and many other ideas are presented here by a distinguished group of
international authors.

Not least biomimetics makes us think laterally. We can think the unthinkable
because Nature is full of remarkable surprises and yet simplicity too. Our edu-
cation in schools and universities needs to embrace all the creativity and wonder
that Nature can show us. Biomimetics is at the interfaces of biology, engineering,
material science, and chemistry and encourages an open dialogue, which can bring
enlightenment about problems as displayed in this book.

Derek Clements-Croome
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Chapter 1
Introduction to Biotechnologies
and Biomimetics for Civil Engineering

F. Pacheco-Torgal

Abstract This chapter starts with an overview on the sustainable development
crucial challenges. The ones directly or indirectly related to the field of civil
engineering are highlighted. These include greenhouse gas emissions (GHG)
related to the energy consumption of the built environment, aggravated by urban-
ization forecast expansion, and the recent increase in building cooling needs due to
climate change. It also includes the depletion of nonrenewable raw materials
and mining-related environmental risks in terms of biodiversity conservation, air
pollution, and contamination of water reserves. Some shortcomings of engineering
curriculum to address sustainable development challenges (especially civil engi-
neering) are described. Possible contributions of biotechnologies and biomimetics
to sustainable development and the rebirth of civil engineering curriculum are
suggested. A book outline is also presented.

1.1 Sustainable Development Challenges

Four decades ago several investigators used a computer model based on the fixed-
stock paradigm to study the interactions between population, food production,
industrial production, pollution, and the consumption of nonrenewable resources.
As a result, they predicted that during the twenty-first century the Earth’s capacity
would be exhausted resulting in the collapse of human civilization as we know it
Meadows et al. (1972). Two decades after that an update of this study was pub-
lished showing that some limits had already been crossed (Meadows et al. 1992).

Rockström et al. (2009) recently proposed a new approach to global sustain-
ability defining nine interdependent planetary boundaries within which they expect
that humanity can operate safely. This include:
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(1) climate change (CO2 concentration in the atmosphere \350 ppm and/or a
maximum change of +1 W m-2 in radiative forcing);

(2) ocean acidification (mean surface seawater saturation state with respect to
aragonite C80 % of pre-industrial levels);

(3) stratospheric ozone (\5 % reduction in O3 concentration from pre-industrial
level of 290 Dobson Units);

(4) biogeochemical nitrogen (N) cycle (limit industrial and agricultural fixation
of N2 to 35 Tg N yr-1) and phosphorus (P) cycle (annual P inflow to oceans
not to exceed 10 times the natural background weathering of P);

(5) global freshwater use (\4,000 km3 yr-1 of consumptive use of runoff
resources);

(6) land system change (\15 % of the ice-free land surface under cropland);
(7) the rate at which biological diversity is lost (annual rate of \10 extinctions

per million species).

Two additional planetary boundaries for which a boundary level was not yet
determined are chemical pollution and atmospheric aerosol loading.

According to Rockström et al. (2009) ‘‘transgressing one or more planetary
boundaries may be deleterious or even catastrophic due to the risk of crossing
thresholds that will trigger nonlinear, abrupt environmental change within conti-
nental- to planetary-scale systems’’. These authors estimated that humanity has
already transgressed three planetary boundaries for climate change, rate of bio-
diversity loss, and changes to the global nitrogen cycle. And a recent study (Garcia
et al. 2014) confirms the devastating impacts of climate change on biodiversity
loss. As a consequence of this worrying status, it remains crucial to act in order to
address those problems in a context in which urban human population will almost
double, increasing from approximately 3.4 billion in 2009 to 6.4 billion in 2050
(WHO 2014). Other authors also agree that this is the most vital challenge of the
twenty-first century (Griggs et al. 2013; Gerst et al. 2014). As Spence et al. (2009)
have showed this increase in urban population is economically motivated. The
higher the urbanization rate of a country, the higher its GDP. Countries high a
GDP per person over $10.000 have a urbanization rate over 60 % while countries
with a GDP per person over $30.000 have a urbanization rate around 80 %.
Internally the economic importance of working in cities can be assessed by the
urban–rural income gap. In China the urban–rural residents’ income ratio surged
from 2.57:1 in 1978 to 3.13:1 in 2011 (Li et al. 2014a, b).

Climate change is one of the most important environmental problem faced by
the Planet Earth (IPCC 2007; Schellnhuber 2008) being due to the increase of
carbon dioxide (CO2eq) in the atmosphere, for which the built environment is a
significant contributor, with around one-third of global carbon dioxide emissions.
In the early eighteenth century, the concentration level of atmospheric CO2eq was
280 parts per million (ppm) at present it is already 450 ppm (Vijayavenkataraman
et al. 2012).

Keeping the current level of emissions (which is unlikely given the high economic
growth of less developed countries with consequent increases in emission rates) will
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imply a dramatic increase in CO2eq concentration to as much as 731 ppm in the
year 2130 leading to a 3.7 �C global warming above pre-industrial temperatures
(Valero et al. 2011). Even if all the greenhouse gas emissions suddenly ceased, the
amount already in the atmosphere would remain there for the next 100 years
(Clayton 2001). Meaning the rise in the sea level, ocean acidification and the
occurrence of extreme atmospheric events will continue. Hansen et al. (2013) are
even more pessimistic believing that the climate has already been changed in an
irreversible manner. A worrying sign that justifies Hansen’s view comes from a
recent study (McMillan et al. 2014) based on the measurements collected by the
Cryosat-2 satellite which reported an annual loss of 159.000 million tons of
the Antartic ice sheet. This represents a 200 % ice loss rate when compared to the
2005–2010 previous survey. This means that adaptation to climate change as well
as mitigation of GHGs should be a priority to the built environment (Kwok and
Rajkovich 2010; Varias 2013; Boucher et al. 2014; Reckien et al. 2014; Georgescu
et al. 2014). Even because buildings are responsible for almost 40 % of energy
consumption and energy efficiency improvements show the greatest potential of
any single strategy to abate global GHG emissions from the energy sector (IEA
2012). And especially because as a consequence of climate change in the last two
decades building cooling needs have increased in an exponential trend going from
6 TJ in 1990 to 160 TJ in 2010 (Balaras et al. 2007). According to Crawley (2008),
‘‘the impact of climate change will result in a reduction in building energy use of
about 10 % for buildings in cold climates, an increase of energy use of up to 20 %
for buildings in the tropics, and a shift from heating energy to cooling energy for
buildings in temperate climates’’. Other authors mention that depending on the
climate zone cooling loads are likely to increase by 50 to over 90 % until the end
of the century (Roetzel and Tsangrassoulis 2012). Cooling needs will also be
aggravated because of urban heat island (UHI) effect, which is one of the major
problems in the twenty-first century posed to human beings as a result of urban-
ization and industrialization of human civilization (Rizwan 2008). And this sce-
nario will get even worse due to the expected increase in urban population and also
of predict number of deaths due to heat waves (and their synergic effects with air
pollution) that may reach 89,000 deaths/year by the 2050s if no adaptation mea-
sures are taken (Pacheco-Torgal et al. 2015). This means that the energy efficiency
of the built environment should and must constitute a priority in the field of civil
engineering. However, only some parts of the world, like for instance Europe, are
now start implementing ambitious building energy efficiency policies like for
instance the ‘‘nearly zero-energy building’’ concept to be in effect beyond 2020
(Li et al. 2013; Pacheco-Torgal et al. 2013a, b). Since only several years ago, civil
engineering curriculum starts giving this issue some attention. This means that the
majority of civil engineering curriculum around the world are obsolete concerning
building energy efficiency or the holistic and broader concept of green building
(Zuo and Zhao 2014; Li et al. 2014a, b).

Another sustainable development serious problem which is directly related to
the field of civil engineering concerns total resource inefficiency. Over the twen-
tieth century, the world increased its fossil fuel use by a factor of 12, whilst
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extracting 34 times more material resources (COM 2011). Also during the last
century, materials use increased eightfold and, as a result, Humanity currently uses
almost 60 billion tons (Gt) of materials per year (Krausmann et al. 2009). The
global construction industry alone consumes more raw materials (about 3,000 Mt/
year, almost 50 % by weight) than any other economic activity, which emphasizes
its unsustainable character. Also, in the next few years, the construction industry
will keep on growing at a fast pace. China alone will need 40 billion square meters
of combined residential and commercial floor space over the next 20 years—
equivalent to adding one New York City every 2 years (Pacheco-Torgal and Jalali
2011). Recent estimates on urban expansion suggests that until 2030 a high prob-
ability exist (over 75 %) that urban land cover will increase by 1.2 million km2

(Seto et al. 2012). This is equivalent to an area about the size of South Africa. The
forecast urban expansion could lead to the loss of up to 40 % of the species and of
88 % of the global primary vegetation land cover had been destroyed in ‘‘biodi-
versity hotspots’’ (Pim and Raven 2000; Myers et al. 2000).

The most important environmental threat associated to materials production is
not so much the depletion of nonrenewable raw materials (Allwood et al. 2011),
but instead, the environmental impacts caused by its extraction, namely extensive
deforestation and top-soil loss. In 2000, the mining activity worldwide generated
6,000 Mt of mine wastes to produce just 900 Mt of raw materials (Whitmore
2006).

This means an average use of only 0.15 %, resulting in vast quantities of waste,
whose disposal represents an environmental risk in terms of biodiversity conser-
vation, air pollution, and contamination of water reserves. It is worth mention that
around 1.2 billion people live in areas of physical scarcity and 500 million people
are approaching this situation. As a result, since the 1970s there were 30 serious
environmental accidents in mines, 5 of which occurred in Europe (Pacheco-Torgal
and Jalali 2011) like for instance the 2010 toxic red mud flood in the town of
Kolontar (Hungary). This is rather disturbing because Europe has high environ-
mental standards which mean that countries in which such high standards do not
exist environmental disasters could happen much more frequently. Since materials
demand will double in the next 40 years, the environmental impacts will therefore
increase in a drastic manner (Allwood et al. 2011). Consequently, the World
Business Council for Sustainable Development estimates that by 2050 a 4 to
10-fold increase in resource efficiency will be needed (COM, 571). Alwood et al.
(2011) recognizes that part of the problem is related to the fact that so far
researchers have paid too little attention to the crucial issue of materials efficiency.
A possible explanation for that gap relates to the fact that sustainable development
principles have not yet been apprehended by University curricula. In recent years,
several authors theorized about the way to embed sustainable development in
higher education and several institutions made some efforts on this issue (Lozano
2006; Pacheco-Torgal and Jalali 2007; Holmberg et al. 2008; De Vere et al. 2009;
Lozano 2010; Waheed et al. 2011). Data from a recent survey completed by final
year engineering students in three Irish Higher Education Institutions shows that
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the engineering students’ knowledge on this subject is still deficient (Nicolao and
Colon 2012).

Salcedo-Rahola and Mulder (2009) state that ‘‘If engineers are to contribute
truly to sustainable development, then sustainability must become part of their
everyday thinking. This, on the other hand, can only be achieved if sustainable
development becomes an integral part of engineering education programs, not a
mere ‘‘add-on’’ to the ‘core’ parts of the curriculum.’’ As a result, the validation of
any discipline in any engineering curriculum must be put to a test in which the one
million dollar question is ‘‘How can your discipline contribute to sustainable
development?’’ (Salcedo-Rahola and Mulder 2009). A more holistic approach is
defended by Al-Rawahy (2013) who state that sustainable development has con-
centrated mainly on physical and tangible issues and assets and that that the most
pressing ingredient and the most scarce resource facing the sustainability concept
is the ethical and moral values that universities need to proactively and aggres-
sively ‘‘infuse’’ into their respective curricula. This position was already defended
by other authors. According to Dator (2005) ‘‘engineering is not more important
than ethics… and science is not more important than policy and law’’ therefore a
new kind of engineering education is therefore needed to address sustainable
development principles. Grasso et al. (2010) mention that ‘‘a new kind of engineer
is needed, one who can think broadly across disciplines and consider the human
dimensions that are at the heart of every design challenge’’. This is especially
important in the context of climate change, which raises many questions with
ethical dimensions rooted in the human condition (Willis 2012; Kaklauskas et al.
2013).

1.2 Civil Engineering: The Rebirth of an Obsolete
Curriculum Through Biotechnologies and Biomimetics

Recent studies show that students of civil and environmental engineering were
reluctant to have sustainability integrated sustainability into existing classes
(Watson et al. 2013). One of the latest trends concerning the update of civil
engineering towards sustainable development is related to the inclusion of life-
cycle assessment (LCA) skills in the education curriculum (Glass et al. 2013).
Unfortunately, since almost all construction products are not environmentally
friendly, this is the same as choosing between the less of two evils. Another
drawback of LCA is the fact that it does not take into account the possible future
environmental disasters associated with the extraction of raw materials. This
means that, for instance, the LCA of the aluminum produced by the Magyar
Aluminum factory, the one responsible for the toxic red mud flood in the town of
Kolontar (Hungary), should account for this environmental disaster. Only then
construction products will be associated with their true environmental impact.
Since that it is almost impossible to put in practice this means that new and truly
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environmentally friendly construction materials are needed. However, not only is
important that civil engineering curricula are updated so they may give future
graduates appropriate skills to tackle the sustainable development challenges but it
is also important that enough students are interested in following a career as civil
engineers. Unfortunately, in the last decade, several Western countries have
reported a severe applications reduction to civil engineering. A 50 % reduction
was reported on undergraduate applications to civil engineering in UK (Byfield
2001; Edwards et al. 2004). In the UK, a shortfall of 9,000 civil engineers is
predicted to occur until 2013 (Byfield 2003).

Nedhi (2002) also confirms that civil engineering is not traditionally viewed as
‘‘high tech’’ engineering and, as a result, student quality and enrollment have been
declining across North America. The same also applies in the case of research
funding in civil engineering programs. This also reduces the possibility of
attracting high grade students. Also in my own country (Portugal) the reduction on
the enrollment ratio exceeded 80 % in the last 5 years. To make matters worse, in
the last 5 years, the grade of the last student to be admitted has fallen in all the top
three Portuguese Universities meaning that civil engineering is less and less
capable of attracting high grade students.

In the beginning of the twenty-first century, Yurtseven (2002) already men-
tioned that a general problem was common to all engineering professions thus
affecting negatively the student recruitment. He stated that engineers were viewed
as dull individuals by contrast ‘‘to the image of a true renaissance engineer,
Leonardo da Vinci who was creative and literate… an accomplished painter,
architect and scientist.’’

The explanation for that can be found in the words of Zielinski (2003) who states
that ‘‘the traditional narrow technical formation produces graduates that are, using
the German language expression ‘‘fachidiot.’’ It is then of no surprise that engineers
are often satirized as persons with zero social skills. For Hamill and Hodgkinson
(2003), the responsibility lies in the ‘‘invisibility’’ of the civil engineering profes-
sion, the absence of positive role models, low starting salaries, and unattractive
working conditions. Lawless (2005) mentions that South Africa faces the same
recruitment problem. Adeli (2009) also mentions that the low enrollment ratio of
students in civil and environmental engineering at many US universities constitutes
a problem to be dealt with. This constitutes a strange fact in a country where civil
engineering is viewed as a profession with high industry demand. India, a crucial
worldwide player, is also facing a severe shortage of civil engineers to achieve its
huge infrastructural development targets. Again, as it happens in the US, the demand
is not the problem (construction industry in India needs civil engineers). This rea-
son, however, however seems insufficient to motivate Indian students. Part of the
explanation for the low attraction capability of civil engineering relates to the fact
that, in India this course is viewed as ‘‘brick and mortar engineering’’ (Chakraborty
et al. 2011). Even the ‘‘the word ‘‘civil’’ in ‘‘civil engineering’’ is anachronistic and
does not represent the works of the so-called civil engineer.’’ As a consequence,
civil engineering is ‘‘the only engineering discipline to have a name that does not
represent the works it undertakes’’ (Shings 2007). All of what was wrote can be seen
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as a proof that this curriculum is an obsolete one, which constitutes a worrying issue
in the context of future of twenty-first century sustainable development challenges.

However, ‘‘recent’’ nanotechnology achievements regarding the replication of
natural systems may provide a solution to solve some of the aforementioned
sustainability challenges related to the field of civil engineering. Nanotechnology
deals with an atom scale (1 nm = 1 9 10-9 m). A hydrogen atom has a diameter
of about one tenth of a nanometer and it takes six bonded carbon atoms to reach a
nanometer width. In Nature there are innumerous examples of the nanoscale but
one of the most interesting in the ‘‘civil engineering context’’ is the 1–2 nm
hydrophobic wax crystals that cover lotus leaves and are responsible for their self-
clean ability (Varadan et al. 2010). This new field encompasses a holistic way of
perceiving the potential of natural systems (Martin et al. 2010) in which traditional
and predominant anthropocentric views are replaced by more eco-centrically
approaches (Hofstra and Huisingh 2014) as prerequisite in order to build a sus-
tainable future. It is worth mentioning that this ecological imperative is very far
from the 1828 Royal Charter of the Institution of Civil Engineers main purpose,
which defined civil engineering as the art of ‘‘directing the great sources of power
in nature for the use and convenience of man…’’ (Muir-Wood 2012). Strangely as
may seems most civil engineering curriculum and most civil engineering depart-
ments in the world still live by this two century outdated and unsustainable motto
and some even went to the paradox extreme of try to marketing it as a curriculum
forged in sustainable development principles.

The crucial importance of Nature’s lessons relates to the fact that it always uses
ambient conditions with minimum waste and no pollution, where the result is
mostly biodegradable by the contrary man-made materials are processed by
heating and pressurizing generating enormous hazardous wastes (Bar-Cohen
2006). On her inspired book Benyus (1997) quoted Mehmet Sarikaya, Professor of
material’s science and engineering at the University of Washington who wrote:
‘‘We are on the brink of a material’s revolution that will be on par with the Iron
Age and the Industrial Revolution. We are leaping forward into a new age of
materials. Within the next century, I think biomimetics, will significantly alter the
way in which we live. Learning from nature can become a great challenge for
future management’’. And in fact some more or less recent papers on biological
materials (Sarikaya et al. 2003; Sanchez et al. 2005; Chen et al. 2012; Yang et al.
2013; Amini and Miserez 2013) especially the highly cited papers of Markaya
et al. (with 823 Scopus citations by May of 2014) and of Sanchez et al. (with 517
Scopus citations by May of 2014) and the extensively detailed paper of Chen et al.
serve as a confirmation of the 1997 Saikaya’s predictions.

The Biomimicry Institute, founded in 2006 by Janine Benyus, was precursor in
this field providing the AskNature online library of research articles on biomimetic
design indexed by function. The term biomimetics was used by the first time by
Otto Schmitt during the 1950s and relates to the development of novel technol-
ogies through the distillation of principles from the study of biological systems.
This author made a distinction between an engineering/physics approach to the
biological sciences, which was termed ‘‘biophysics,’’ and a biological approach to
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engineering, which he termed biomimetics (Vincent et al. 2006; Lepora et al.
2013). However, the study of biological systems as structures dates back to the
early parts of the twentieth century with the work of D’Arcy W. Thompson, first
published in 1917. In this work that some authors considered the first major one on
this field D’Arcy W. Thompson looked at biological systems as engineering
structures and obtained mathematical relationships that described their form (Chen
et al. 2012).

According to Vincent (2001), biomimetics is the ‘‘technological outcome of the
act of borrowing ideas from nature’’ and this concept would have also been termed as
‘‘biomimesis’’, ‘‘biognosis,’’ and ‘‘bionics.’’ For this author, the term ‘‘bionics’’ was
coined in 1960 by Jack Steele of the US Air Force. In German-speaking countries, the
term ‘‘Bionik’’ has become widely accepted for the corresponding field to ‘‘Biomi-
metics.’’ ‘‘Bionik’’—combining biology and technology (Gebeshuber et al. 2009).

Figure 1.1 gives an overview of the history of biomimetics research. Terms
such as ‘‘biomimicry,’’ ‘‘bioinspiration,’’ and ‘‘bioinspired’’ are derived words
from ‘‘biomimetic,’’ and ‘‘bioinspired’’ is sometimes used to connote a presumed
heir of the word biomimetic (Shimomura 2010).

The publications on the field of biomimetics have experienced an amazing
increase from a few 10 papers per year in mid-1990s to the present, doubling every
2–3 years and reaching an annual production of 3,000 papers in 2011 (Lepora et al.
2013). A recent search on Elsevier’s Scopus revealed that in 2013 the number of

Fig. 1.1 History of biomimetics research (Simomura 2010)
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journal papers containing the search term biomimetic reached 12,913, while the
search term ‘‘bioinspiration’’ was found in 667 journal papers, and biomimicry in
380.

Analysis of bioinspired materials requires knowledge of both biological and
engineering principles. As Vincent (2006) rightly put it ‘‘if engineers are going to
be able to use ideas from biology, it cannot be stated too often that the biological
system must be understood before allowing ideas to be transferred into the engi-
neering environment’’. Bar-Cohen (2006) states that bridging between the fields of
biology and engineering is crucial to harness the most from nature’s capabilities.
This remind us the words of Sir Isaac Newton about the need of more bridges and
less walls, which is especially truth on scientific knowledge. It is important to
remember that biologists themselves have recently started establishing bridges
with physicists to investigate the weird field of ‘‘quantum biology’’ (the term of
‘‘quantum biology’’ was first mentioned in the beginning of the second half of the
twentieth century by Lowdin (1963)). Some recent investigations suggest that
plants use quantum ‘‘computing’’ to calculate how best to direct energy through
their photosynthetic complexes (Engel et al. 2007; Sarovar et al. 2010; Vedral
2014). Other also suggest that some birds appear to use ‘‘quantum entanglement’’
to sense the Earth’s magnetic field, helping to explain how they can migrate long
distances (BBSRC 2012). This ‘‘weird’’ concept posits that entangled particles,
once separated, can somehow ‘‘communicate’’ with each other instantly so that
that a change in one automatically changes the other was famous for having been
referred by Albert Einstein as spooky action at a distance (Kaku 2010).

Vincent and Mann (2002) compared solutions of some engineering problems
such as cleaning and joining surfaces by natural organisms with those by using the
Russian system of problem solving (TRIZ) and noted that TRIZ seemed to have
the main qualifications of an effective bridge between biology and engineering.
The use of TRIZ is suggested to be able to facilitate the transfer of ideas and
analogues from biology for engineering (Vincent et al. 2006; Vincent 2007). Other
authors (Denghai and Wuyi 2011) proposed a four-step systematic method of
structural bionic design: selecting the most useful structural characteristic of
natural organism; analyzing the structural characteristic finally chosen for engi-
neering problem; completing the structural bionic design for engineering structure;
and verifying the structural bionic design.

The allocation of biomimetics education to either natural science or engineering
schools seems to be difficult to implement in both cases (Gebeshuber et al. 2009).
The fact that biologists and engineers typically speak a very different language,
may create communication challenges (Helms et al. 2009). In the words of
Gebeshuber and Majlis (2010), ‘‘the biology papers are frequently inaccessible for
engineers, since they are too descriptive and contain concepts and approaches such
as taxonomy with its Latin names that are too far from any concept in engineer-
ing’’. These authors thus suggest the establishment of a tree of knowledge and the
localisation of scientific articles on this tree.

An important difference between engineers and biologist concerns standardi-
zation. While the former are very familiar with standards this is hardly the case of
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the latter. That’s MIT scientist Tom Knight once wrote that those differences could
be illustrated by the following example ‘‘A biologist goes into the lab, studies a
system and finds that it is far more complex than anyone suspected. He’s delighted,
he can spend a lot of time exploring that complexity and writing papers about it.
An engineer goes into the lab and makes the same finding. His response is: ‘How
can I get rid of this?’’’ Meaning that contrary to biologists engineers excel at
eliminating irrelevant complexity in order to build something that works and is
fully understood (Brown 2004; Rai 2010).

Three examples below highlight the importance of biotechnologies and
biomimetics for civil engineering.

The first one relates to Ordinary Portland cement (OPC) concrete, a typical civil
engineering construction material, being the most used material on the Planet
Earth. Its production reaches 10.000 million tons/year and in the next 40 years
will increase around 100 % (Pacheco-Torgal et al. 2013a). Currently around 15 %
of the total OPC production contains chemical admixtures to modify their prop-
erties, either in fresh or hardened state. Concrete super plasticizers based on
synthetic polymers include melamine, naphthalene condensates or polycarboxylate
copolymers. Environmental concerns justify a growing trend to the use of
admixtures based on renewable bio-based feedstocks and or capable of biodeg-
radation. Examples of biopolymers used in concrete include for instance ligno-
sulfonate, pine root extract, protein hydrolysates or even vegetable oils.
Biotechnological admixtures processes made in fermentation processes by using
bacteria or fungi seem to receive an increase attention. This includes sodium
gluconate, curdlan or Welan gum (Planck 2004, 2005).

An important biomimetic application for civil engineering concerns bio-
inspired structural design. For instance, deployable structures can be mentioned
among shape morphing structures that can change shape like the wing of the
insects or the petals of the flowers or like the movable structure of human body
(Friedman and Ibrahimbegovic 2013). These structures were born by the appli-
cation of the basic ideas of tensegrities, as the foldable bridge realization, proposed
by Rhode-Barbarigos et al. (2012). The tensegrity concept was born from the
exceptional work of the inventor Buckminster Fuller (1962) aiming at maximal
structural efficiency. He coined the word ‘‘tensegrity’’ from tensile integrity and
defined it as ‘‘islands of compression inside an ocean of tension’’ (Kawaguchi
2002).

Snelson (1965) also worked on the tensegrity field termed as ‘‘floating com-
pression’’ system and much later the cell biologist and bioengineer Ingber (1998)
defined this concept as ‘‘the architecture of life.’’

Another important biomimetic civil engineering-related issue concerns biomi-
metic building ‘‘skins.’’ The kinetics and adaptability implicit in this concept are
quite the opposite of current trends on passive building design approach (Loonen
et al. 2014; Schleicher et al. 2014; Reichert et al. 2014). Of course this concept
would not make any sense in a heavy polluted city but only in a biophilic city. The
concept of biophilia, popularized by Harvard myrmecologist and sociobiologist
E.O. Wilson is defined as—the innately emotional affiliation of human beings to
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other living organisms. This author argues that humans have co-evolved with
nature and that we carry with us our ancient brains and our need to connect with
and affiliate with nature, to be happy and healthy (Beatley and Newman 2013).
Recent findings even show that there is a strong correlation between the lack of
green infrastructures in the urban environment and the increase of allergy-related
health problems (Von Hertzen et al. 2011; Hanski et al. 2012). Besides since
air pollution and higher concentrations of CO2-induced increases in levels and
allergenicity of allergenic pollens may contributing to increasing prevalence of
allergic disease and asthma (Haahtela et al. 2013). This means that biomimetic
building skins and biophilic cities will be crucial in the near future not only in
terms of public health but also in the mitigation of UHI effects.

Since biotechnology is one of the world’s fastest growing industries being one
of the six Key Enabling Technologies-KETs that will be funded under the EU
Framework Programme Horizon 2020 (Pacheco-Torgal 2014) this can also foster
the development of start-ups in the field of bio materials and technologies for the
construction industry. This is probably one of the most important advantages of
the association between civil engineering and biotech areas just because civil
engineering is one of the most notorious cases of a desert-like capacity concerning
start-up development. This is a key issue because entrepreneurship is a key skill to
the development of ‘‘start-up businesses, the motor propelling the development of
the new economies’’ (Pacheco-Torgal 2004). Besides as some defend the second
half of the twentieth century was the time for the scientific engineer while the
twenty-first century will be the time for entrepreneurial engineer (Tryggvason and
Apelian 2006; Shi and Vest 2014). This entrepreneurial-based civil engineering is
very far from the old and traditional one (Muir-Wood 2012), which has persisted
until the twenty-first century and this book intents to start changing. Besides, hot
areas usually mean more investigation funds and high capability to attract bright
students. The comparison between the impact factor of the journal ‘‘Nature
nanotechnology’’ (IF = 31.17) or the journal ‘‘Nature biotechnology’’ (IF = 32.4)
with the impact factors of most civil engineering-related journals (usually with an
IF below 1.5) gives some insights about this issue. The importance of high impact
factor journals in civil engineering can be seen in a recent study (Canas-Guerrero
et al. 2013) about the research activity on this field that shows that the ‘‘high’’
impact factor of the Journal of Hazardous Materials (3.93) is one of reasons for its
great influence over civil engineering researchers. This hardly constitutes a sur-
prise because due to the existent very high number of journals and papers only the
top 10 % will be get read, cited and have an impact (Hamilton 1990, 1991).
However, this also shows the absurd of human actions associated to the production
of enormous amounts of hazardous materials. The aforementioned study also
shows that the average number of citations per paper in the field of civil engi-
neering has been fallen steadily in the last 10 years.

Biotech and biomimetic liaisons can therefore constitute an opportunity to
refresh the civil engineering curriculum in order to reverse its low career attrac-
tiveness and at the same time contribute to a more sustainable civil engineering
industry. This will serve to fulfill ASCE’s Vision for Civil Engineering in 2025
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one in which civil engineers are entrusted to create a sustainable world (ASCE
2009).

Many books have been written on the field of biotechnology unfortunately the
majority of them have absolutely nothing on civil engineering applications. And
even the few that have something only have one or just two chapters on this issue.
The literature on biomimetic civil engineering applications is even scarcer. It’s
easy to understand why that happens. Civil engineering is a very conservative field
and its focus has saw little change in the last few decades. For instance, OPC was
50 years ago the most important construction material in this field and it remains
still.

This book thus provides essential reading concerning biotechnologies and
biomimetics for civil engineering. I hope that all of those involved in this field can
benefit from the knowledge contained in the present book, which was kindly
assembled by a team of international experts.

1.3 Book Outline

Basics of construction microbial biotechnology is the subject of Chap. 2. It
includes considerations on the different biotechnological products and biotech-
nologies for civil engineering. Microorganisms in construction microbial bio-
technology are analyzed. The application of microbial biopolymers in the
construction industry and in geotechnical engineering is discussed. Biocements
and biogrouts are reviewed. This chapter concludes with an analysis on the case of
bioremediation of construction sites through biocementation.

Chapter 3 deals with general aspects of biomimetic materials. It includes a brief
outline of the discipline and a discussion of general aspects related to the structure
and synthesis of natural materials. It reviews the recent progress made in the
development of biomimetic materials with improved mechanical resistance,
optical, self-cleaning, adhesiveness, and anti-adhesion properties is reviewed with
reference made to the most noteworthy examples.

Chapter 4 is concerned with the use of biomimicry as a tool for design for
climate change adaptation and mitigation. Different biomimetic approaches to
design are discussed and categorized, and a series of case study examples illustrate
the benefits and drawbacks of each approach.

Chapter 5 reviews state-of-the-art examples of research concepts and design
applications with bio-inspired adaptable solutions for the building envelope. The
chapter concludes with an outlook of design support methodologies that can
potentially incite the practical uptake of bio-inspired adaptive building skins in the
future.

The importance of green building envelopes in promoting biophilic cities is the
subject of Chap. 6. A discussion on the green building envelope strategy is
included. Its contribution for air quality improvement, temperature regulation and
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insulating properties are reviewed. The chapter also includes an overview on green
building details including its costs.

Chapter 7 concerns the use of microalgae photobioreactors (PhBR) as inno-
vative construction systems for the production of bio-energy. An overview on
photobioreactors is given. The concept of architectural photobioreactors (A-PhBR)
is presented and discussed. Examples of PhBR in facades formed from blocks of
translucent glass and of horizontal PhBR for roof and urban fountains are pre-
sented. Extensive graphical details are also presented.

The reduction of indoor air pollutants through biotechnology constitutes the
subject of Chap. 8. The chapter starts with an analysis on the importance of indoor
air pollution and its impact on health costs and human dead’s followed by a review
on current practices and the history of bioremediation on indoor air. The different
air pollutants (volatile organic compounds, carbon dioxide, and others) are dis-
cussed. A comparison between physiochemical and biological methods are carried
out. Hybrid physiochemical–biological systems, active biofiltration of indoor air,
and phytoremediation and horticultural biotechnology are discussed. Consider-
ations on the health benefits of indoor plants unrelated to air quality are included.
Microbial systems as well as biological indoor air cleaning commercial systems
are reviewed.

Chapter 9 deals with the mechanisms underlying bioinspired self-cleaning
(hydrophilicity and hydrophobicity) and to the fields of application of these effects.

Common concepts on wettability are reminded. The different mechanisms of
self-cleaning are reviewed and detailed. Examples of hydrophilic and superoleo-
phobic plants and animals are given. The chapter concludes with a section on
production techniques and applications which presents examples of biomimetic
self-cleaning surfaces, and give details on how they were created.

Chapter 10 reviews the development of the bio-inspired concept on bridge
design in the past two decades from two major forms: stationary forms and
movable forms. The objective is to show how the inspiration from the biological
world has influenced recent bridge designs and discusses how the bio-inspired idea
could transform into a new language for the future bridge design industry. Four
major challenges of the marriage between biology and engineering were discussed
and latest endeavor on each aspect was presented.

Bioinspired sensors for structural health monitoring is the subject of Chap. 11.
Topics ranging from bio-inspired algorithms, creature-like robots, and skin-like

sensors are presented.
Chapter 12 deals with bioinspired, flexible structures and materials. The

potential of biomimetics in form finding and the development of structural systems
based on constant or reversible elastic deformation are discussed. Elastic building
materials and biomimetic abstraction techniques are introduced and two case
studies are provided.

Bioinspired concrete is the subject of Chap. 13. An overview of Earths minerals
is presented. Several bioinspired cements are covered. The environmental chal-
lenges with cements and concrete are revewed.
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Chapter 14 describes the production of bacteria for structural concrete reviewing
the mechanism of microbially induced calcium carbonate precipitation (MICP).

Chapter 15 deals with the use of bacteria for surface treatment reviewing the
main mechanisms of the process and literature on biodeposition carbonates as
surface treatment agents for the decrease of permeability of concrete materials and
structures.

Chapter 16 describes a case study concerning the use of bacterial surface
treatment for normal and lightweight concrete.

Chapter 17 identifies remediation techniques for contaminated soils including
physical, chemical, biological, thermal, and other treatments.

Chapter 18 deals with the use of microbial fuel cells (MFCs) for wastewater
treatment. The concept of MFCs is introduced, and the materials and design of
MFCs are summarized. In-depth discussion of the microbiology of MFCs was also
included.
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Chapter 2
Basics of Construction Microbial
Biotechnology

V. Ivanov, J. Chu and V. Stabnikov

Abstract Construction Microbial Biotechnology is a new area of science and
engineering that includes microbially-mediated construction processes and
microbial production of construction materials. Low cost, sustainable, and envi-
ronmentally-friendly microbial cements, grouts, polysaccharides, and bioplastics
are useful in construction and geotechnical engineering. Construction-related
biotechnologies are based on activity of different microorganisms: urease-pro-
ducing, acidogenic, halophilic, alkaliphilic, denitrifying, iron- and sulfate-reducing
bacteria, cyanobacteria, algae, microscopic fungi. The bio-related materials and
processes can be used for the bioaggregation, soil biogrouting and bioclogging,
biocementation, biodesaturation of water-satured soil, bioencapsulation of soft
clay, biocoating, and biorepair of the concrete surface. Construction Microbial
Biotechnology is progressing toward commercial products and large-scale appli-
cations. The biotechnologically produced materials and construction-related
microbial biotechnologies have a lot of advantages over conventional construction
materials and processes.
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2.1 Introduction

The discipline of Microbial Biotechnology includes a scientific and practical
knowledge of using microorganisms and their products. We differentiate by the
area of biotechnological applications such subdisciplines as Medical, Pharma-
ceutical, Industrial, Agricultural, and Environmental Biotechnology. Currently, a
new subdiscipline of Microbial Biotechnology, Construction Microbial Biotech-
nology, can be differentiated. There are two major directions in Construction
Microbial Biotechnology: (1) the microbial production of construction materials
and (2) the applications of microorganisms in construction process. Many different
biotechnological products and biotechnologies for civil engineering are developing
within these directions (Fig. 2.1).

Production of cement, which is a major construction material, is energy-con-
suming and environmentally-unfriendly. Energy represents 20–40 % of the total
cost of cement production because temperature above 950 �C is needed for
transformation of limestone to cement clinker. New construction materials,
microbial biocements, can be produced from limestone, dolomite, or iron ore at
temperature 20–60 �C with less than 10 % of energy used for the manufacturing of
conventional cement. Therefore, cost of biocements can be lower than that of
conventional cement. There are also a lot of other advantages of microbially-based
biocementing or bioclogging materials over conventional cements and grouts, for
example sustainability due to production from organic matter, low viscosity, and
low risk of negative environmental consequences. It is important that biocement
can be produced from the same raw materials that are using for cement production.

Another type of biomaterials, which are used in construction industry are
industrially produced or in situ synthesized microbial polysaccharides. Such
industrially produced polysaccharides as xanthan, welan, succinoglucan, curdlan,
chitosan are used in dry-mix mortars, wall plasters, self-leveling underlayers,
injection grouts to improve viscosity, water retention, set retarding, flowability
(Plank 2004). Other biopolymers for example, proteins or their hydrolysates as
biosurfactant, can also be used for if the cost is acceptable. Sewage sludge of
municipal wastewater treatment plants, which is a waste microbial biomass pro-
ducing in quantities of several million tons a year, could be used also as a source of
cheap microbial polymers.

Production of bacterial polysaccharides in soil after addition of bacterial cells
and necessary nutrients in situ is used to modify soil properties. This approach
could be used for such geotechnical applications as dam control, wind soil erosion
control, earthquake liquefaction mitigation, construction of reactive barrier, and
long-term stabilization of contaminated soils. Different kinds of organic wastes can
be used as a source of organic matter for polysaccharide-producing microorgan-
isms in large-scale geotechnical applications to diminish the cost of soil clogging.
Initiated growth of exopolysaccharide-producing photosynthetic bacteria or algae
on the surface of sand can be used for the wind erosion control. Surface growth of
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microbial photosynthetics in irrigation channel or aquaculture pond is an effective
way for the seepage control.

The biotechnological production of construction biomaterials is sustainable
process because renewable agricultural and biotechnological biomass residues are
used as organic raw materials and as the components of composite biocement. One
potentially important construction material, microbial bioplastic, can be produced
from agricultural residuals and organic fraction of municipal solid wastes.

In some geotechnical processes, microorganisms themselves are performing
useful function. There are at least eight types of construction-related biotechno-
logical processes classified by the results of the microbial treatment:
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Fig. 2.1 The R&D directions of Construction Biotechnology
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• bioaggregation of soil or particles is a process to increase size of the fine
particles so that water and wind soil erosions, sand movement, as well as dust
emission will be reduced (Bang et al. 2011; Stabnikov et al. 2013a);

• biocrusting of soil surface is a process to form mineral or organic crust onto
soil surface so that that erosion, dust emission, and water infiltration will be
reduced (Stabnikov et al. 2011; Chu et al. 2012a);

• biocoating of solid surface is a process to form a layer on solid surface so that
aesthetics or colonization of surface will be enhanced;

• bioclogging of soil or porous matrix is a process to fill in the pores and
channels in soil/matrix so that hydraulic conductivity of soil or porous matrix
will be significantly reduced (Ivanov et al. 2012);

• biocementation of soil or particles is a process to increase significantly strength
of soil or particles (Ghosh et al. 2005; Mitchell and Santamarina 2005; Whiffin
et al. 2007; Ivanov and Chu 2008; De Muynck et al. 2008a, b, 2010, 2012;
Sarda et al. 2009; van der Ruyt and van der Zon 2009; Achal et al. 2010;
Ivanov 2010; Van Tittelboom et al. 2010; Dosier 2013; Chu et al. 2012a;
2014;DeJong et al. 2010, 2013; van Paassen et al. 2010; Harkes et al. 2010;
Dhami et al. 2012; Li and Qu 2012; Raut et al. 2014);

• biodesaturation of soil is a process to decrease saturation and liquefaction
potential of soil through biogas production in situ (Chu et al. 2009a, 2013b; He
et al. 2013; Rebata-Landa and Santamarina 2012);

• bioencapsulation of clay/soil/particles is a process to increase strength of soft
clayey soil through the formation of strong shell around a piece of soft material
(Ivanov et al. 2014);

• bioremediation of soil is a process to remove pollutants from soil or immo-
bilize pollutant in soil before construction (Warren et al. 2001; Fujita et al.
2004; Mitchell and Ferris 2005).

Classification of construction biotechnologies by the results of their applica-
tions is illustrated in Fig. 2.2.

Any biotechnology for the production of construction materials includes three
major stages:

(1) upstream processes such as preparation of medium, equipment, and microbial
inoculum (seeds);

(2) core process such as cultivation of microorganisms;
(3) downstream processes such as concentration of biomass or microbial product,

its drying, packing, washing of the equipment, treatment or disposal of
wastes.

The example can be the biotechnology for the production of calcium- and urea-
based biocement (Figs. 2.3, 2.4).

All these processes should be monitored and controlled to ensure efficiency of
the processes.

Any biotechnological application of microorganisms in construction process
also includes three major stages:
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(1) upstream processes such as preparation of soil or construction material for the
treatment, preparation of the reagents, equipment and microbial inoculum for
the treatment;

(2) core process such as biotreatment of soil, construction material, or the con-
struction objects;

(3) downstream processes such as disinfection (if needed) and solid, liquid, or
gaseous wastes treatment or disposal.

All these processes should be monitored and controlled to ensure efficiency of
the processes. The example can be the biotechnology for mitigation of saturated
sand liquefaction using denitrifying and biosealing bacteria (Fig. 2.5).
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Application of microorganisms for ground improvement can be performed by
indigenous microorganisms of soil, without preparation and supply of the micro-
bial inoculum, and without downstream processes. However, there could be such
downstream step as detoxication of polluted air and water after biocementation.

The medium for microbial cultivation and the treatment medium for soil/par-
ticles can be mixed together or used separately in the form of solution, suspension,
or slurry by the mixing of chemical reagents and agricultural fertilizers. Different
kind of wastes or residuals such as mining and agricultural residuals, organic
fraction of municipal solid wastes, sewage sludge, and reject water of municipal
wastewater treatment plants can be used as a medium to reduce the cost of large-
scale biogeotechnical work.

Fig. 2.4 Cultivation of
bacteria for biocement
production in 50 L
fermentor(photo taken at the
Fermentation Facility, Iowa
State University,USA)
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2.2 Microorganisms in Construction Microbial
Biotechnology

Most applicable microorganisms for Construction Microbial Biotechnology among
kingdoms of Archaea, Bacteria, Fungi, Plants, and Animals are representatives of
Bacteria because of their small cell size (0.5–10 lm), big physiological diversity
(pH 2–10; temperature from -10 to +110 �C), big spectrum of biogeochemical
reactions (oxidation-reduction of organics, oxygen, nitrate, ferric, sulfate), highest
growth and metabolic rates. There are three evolutionary lines of chemotrophic
(feeding by energy of chemical compounds) Gram-positive Bacteria (prokaryotes
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Fig. 2.5 Biotechnology for mitigation of saturated sand liquefaction using denitrifying and
biosealing bacteria
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of terrestrial evolutionary origin with thick and rigid cell wall), Gram-negative
Bacteria (prokaryotes of aquatic evolutionary origin with thin and elastic cell wall)
and Archaea (prokaryotes of environments with extreme temperature, pH, or
strong anaerobic conditions). These three evolutionary lines contain four parallel
physiological groups differentiated by the type of energy-yielding oxidation-
reduction reactions: (1) fermenting, (2) anoxic respiring, (3) microaerophilic and
facultative anaerobic, and (4) aerobic respiring prokaryotes. In total, there are 12
groups of chemotrophic prokaryotes differentiated by the type of energy-yielding
oxidation-reduction reactions (Table 2.1).

Depending on the real conditions and requirements of the construction process,
all these physiological groups can be involved in biotechnologies of construction
materials or construction process biotechnologies. However, in majority cases
anaerobic, anoxic, facultative anaerobic, and aerobic Gram-positive bacteria are
most suitable for applications related to the soil improvement because of osmotic
tolerance of these bacteria. Facultative anaerobic or aerobic Gram-negative bac-
teria are most suitable for biosynthesis of construction biomaterials. Applications
of phototrophic (utilizing light energy) prokaryotes in civil engineering are rare.
For example, Gram-negative phototrophic Bacteria, cyanobacteria can be used for
the formation of soil crust to diminish water and wind erosion of soil.

The microorganisms that are used to start up the bioprocess are called inoculum
by microbiologists or ‘‘seeds’’ by civil and environmental engineers. The inoculum
could be a suspended, frozen, dried, or cooled microbial biomass. Cultivation after
inoculation is performed in batch or continuous mode. Inoculum for construction
materials production or biotreatment of soil/particles is selected using the fol-
lowing microbiological and molecular-biological methods:

(1) Obtaining and testing of the microbial strains from national collections of
microorganisms, for example American Type Culture Collection (ATCC,
USA) or German Collection of Microorganisms and Cell Cultures (DSMZ,
Germany).

Table 2.1 Physiological groups of chemotrophic prokaryotes

Evolutionary lines of
prokaryotes

Physiological groups

Fermenting
prokaryotes

Anoxic
respiring
prokaryotes

Microaerophilic
and facultative
anaerobic
prokaryotes

Aerobic
respiring
prokaryotes

Gram-negative Bacteria
(prokaryotes of aquatic
evolutionary origin)

1 2 3 4

Gram-positive Bacteria
(prokaryotes of terrestrial
evolutionary origin)

5 6 7 8

Archaea (prokaryotes of
extreme environments
evolutionary origin)

9 10 11 12
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(2) Isolation, identification, and testing of wild strains from natural sites with
environmental conditions close to the conditions that are needed for the
biotreatment, for example, with high salinity, high or low temperature, aer-
obic or anaerobic conditions, alkaline, or acid pH. However, many bacteria
are pathogenic (causing diseases) for human, animal, and plants. Therefore,
biosafety of biotechnological process is always an important issue and only
nonpathogenic isolated strains of bacteria can be used for civil engineering
applications.

(3) Autoselection in continuous culture (Cheng and Cord-Ruwisch 2013),
screening of the mutants (Li et al. 2011), and construction of the recombinant
microbial strains from wild strains for the biotreatment. However, there are
many restrictions on the applications of recombinant microbial strains so they
can be used mainly for industrial production of such construction materials as
polysaccharides or bioplastic.

(4) Selection and testing of suspended enrichment cultures using such selective
conditions (selection pressure) as source of energy, carbon, nitrogen and
phosphorus, temperature, pH, salinity (osmotic pressure), concentration of
heavy metals, concentration of dissolved oxygen, spectrum and intensity of
light (for photosynthetic microorganisms). Some autoselected features of the
enrichment culture can be genetically unstable and could disappear after
several generations when the selection pressure will be absent (Ivanov et al.
2012b).

(5) Selection and testing of aggregated enrichment cultures, such as flocs, biofilms,
granules using such selective pressure as settling rate of microbial aggregates
and adhesion of cells to solid surface. An example is formation of bacterial
cells aggregates that cannot penetrate inside sand, settled onto the surface of
sand and formed calcite crust (Stabnikov et al. 2011; Chu et al. 2012b).

In some cases, when soil is rich with indigenous microorganisms able to per-
form needed biogeochemical reaction, for example urease activity, soil biotreat-
ment can be performed by indigenous microorganisms, without preparation and
supply of microbial inoculum (Burbank et al. 2011, 2012a, b). To enhance the
needed biogeochemical function of indigenous microorganisms, soil can be
amended with the related reagent. For example, to enhance urease activity of
indigenous microorganisms before the biotreatment, urea can be added to soil
(Burbank et al. 2011). However, if microorganisms used in geotechnical bio-
process are indigenous it does not mean that they are safe for human, animals, and
plants because nonselective conditions of the soil bioprocess, especially applica-
tion of nutrients-rich medium, can enhance the proliferation of pathogens or
opportunistic pathogens in soil.

Core process in the production of construction material, i.e., cultivation of
microorganisms is performed in batch, semi-continuous (sequencing batch),
complete mixing continuous, or plug-flow continuous mode in the bioreactor,
where the components are mixing using stirring, upflow of liquid or gas through
the reactor, or horizontal rotation of the bioreactor.
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2.3 Application of Microbial Biopolymers in Construction
Industry and Geotechnical Engineering

Animal biomaterials such as blood, urine, eggs, milk, lard, and plant biopolymers
such as wood, straw, bark, cactus juice, flour have been used as admixtures from
ancient times to improve properties of mortars and plasters. Straw and cattle dung
were used and are used even at the present time in rural construction as the com-
posite biomaterials to improve construction properties of clay. Probably, the Aztecs
used fermented juice of nopal cactus (Opuntia ficus indica) to improve plasticity
and water absorption capacity of lime mortar and earthen plasters due to the
presence of cellulose fibers, gel polysaccharides, and fermentation products.
Extracts of this nopal cactus and water hyacinth are proposed in our days to enhance
viscosity of cement-based materials (León-Martínez et al. 2014; Sathya et al. 2013).
The chemical derivates of plant biopolymers, for example carboxymethylcellulose,
carboxymethylcellulose sulfate or such industrial waste as lignosulfonates are often
used as cement and mortar admixtures for set retarding and increase of plasticity of
self-consolidated concrete (Plank 2004; Yuan et al. 2013).

Chemical and biological admixtures in cement- and gypsum-based materials
are using for dispersing/thikening effects, viscosity enhancement, water retention,
set acceleration and retardation, air-entrainment, defoaming, hydrophobization,
adhesion and film forming (Plank 2003) to improve such properties of the material
as plasticity, water retention, adhesion, shrinkage reduction, flow ability, and
stability. The global market of admixtures is estimated at the level of US$15
billions with the share of more than 500 different biological and biodegradable
admixtures about 13 % (Plank 2004).

The advantage of microbial admixtures is that the biosynthesis rate of the
microbial biopolymers is significantly higher, by 2–4 orders of magnitude than that
of the plants and these substances can be produced in industrial scale on bio-
technological factories. The major application of microbial biopolymers in con-
struction industry is addition to concrete and dry-mix mortars. The examples of
microbial admixtures that are used in concrete are protein hydrolysates and welan
gum; and in case of dry-mix mortar these admixtures are succinoglycan and
xanthan gum. The market share of microbial biopolymers is expected to increase
because of technological advances and the growing trend to use naturally based or
biodegradable products in building materials (Plank 2004; Ramesh et al. 2010).
These microbial products of biotechnological industry are mainly viscosity-
enhancing admixtures used to achieve high resistance to segregation of concrete.
Major biotechnological admixtures are shown in Table 2.2.

Sewage sludge or dewatered dry sewage sludge of municipal wastewater
treatment plants, are used in the cement and concrete industry (Mun 2007; Fytili
and Zabaniotou 2008). It is mainly biomass of anaerobic Bacteria and Archaea
performing acidogenic and methanogenic fermentations. This material contains
various biopolymers, such as linear and branched polysaccharides, globular pro-
teins and rRNA, and linear chains of DNA and mRNA. Our experiments with
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addition of pure linear (xanthan, DNA), branched (amylopectin) or globular
(albumin) biopolymers to Portland cement showed that even addition of 0.1 % of
these hydrophilic biopolymers changed strength of concrete. It was higher with
addition of biopolymers than in control after 3 days but was lower than in control
after 7 days, probably because a thin layer of the hydrophilic biopolymer on the
cement grain hindered its hydration (Wang et al. 2013, not published data).

Another important application of microbial biopolymers is production of bac-
terial polysacchartides in soil to modify its geotechnical properties (Stewart and
Fogler 2001). The most suitable groups of microorganisms that produce insoluble
extracellular polysaccharides to bind the soil particles and fill in the soil pores are
as follows:

• oligotrophic bacteria from genus Caulobacter (Tsang et al. 2006);
• aerobic Gram-negative bacteria from genera Acinetobacter, Agrobacterium,

Alcaligenes, Arcobacter, Cytophaga, Flavobacterium, Pseudomonas, and
Rhizobium (Portilho et al. 2006; Ross et al. 2001);

• species of Gram-positive facultative anaerobic and aerobic bacteria, such as
Leuconostoc mesenteroides producing water-insoluble exopolymer dextran
(Stewart and Fogler 2001) and Cellulomonas flavigena producing a curdlan-
type (beta-1,3-glucan) exopolysaccharide from cellulose (Kenyon et al. 2005).

It is well known that almost all bacteria produce exopolysaccharides under
excess of carbohydrates or other water soluble sources of carbon over source of
nitrogen. Therefore, such food-processing wastes or sub-products as corn glucose
syrup, cassava glucose syrup and molasses with C: N ratio [ 20 are used for
industrial production of bacterial water-insoluble polysaccharides (Portilho et al.
2006). After growth of exopolysaccharide-producing bacteria in soil, its perme-
ability for water is greatly reduced. Growth of exopolysaccharide-producing
bacteria in soil can be used for different geotechnical applications such as selective
zonal bioremediation, harbor and dam control, erosion potential minimization,
earthquake liquefaction mitigation, construction of reactive barrier, and long-term
stabilization of contaminated soils (Yang et al. 1993). Organic wastes such as
organic fraction of municipal solid wastes, sewage sludge, composted poultry
manure can be used as a source of organic matter for exopolysaccharide-producing
microorganisms in large-scale applications to diminish the cost of soil clogging.

2.4 Construction Bioplastics

There is clear trend in construction industry for using of biodegradable materials
and biopolymers (Plank 2004; Ramesh et al. 2010). There is considerable interest
in the development of biodegradable bioplastics for construction industry. Its
advantages are that use of this bioplastic will reduce the land for disposal of
construction wastes and it is producing from renewable sources so their production
will increase environmental and economic sustainability of construction industry.
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However, the cost of bioplastics produced aseptically in fermenters is usually
several times higher than the cost of petrochemical-based plastics, so the reduction
of the bioplastic production costs using cheap raw materials and technological
innovations is still essential for the bioplastic industry and applications. Most
available types of bioplastics for construction industry are polyhydroxyalkanoates
(PHAs), which are polyesters accumulated up to 80 % of dry bacterial biomass as
a storage compound. Most important PHAs are poly-3-hydroxybutyrate (PHB)
with monomer formula (-OCH(CH3)-CH2-C(O)-) and polyhydroxyvalerate (PHV)
with monomer formula (-OCH(CH2CH3)-CH2-C(O)-). Accumulated PHAs can be
extracted from bacterial biomass and used in practice as bioplastic with melting
temperature 160–180 �C, tensile strength 24–40 MPa, and elongation at break
3–142 %. Chemical and physical properties of PHAs can be found in numerous
reviews (Lowell and Rohwedder 1974; Braunegg et al. 1998; Castilho et al. 2009;
Sudesh et al. 2000; Sudesh and Abe 2010; Volova 2004; DeMarco 2005; Khanna
and Srivastava 2005; Lenz and Marchessault 2005).

The following options for raw materials, biotechnology of production, and
applications of bioplastic can help to diminish the cost of the bioplastic PHAs:

1. Use of cheap raw materials (Serafim et al. 2008): organic fraction of municipal
solid wastes, liquid wastes of municipal wastewater treatment plants, food-
processing waste, or agricultural wastes such as unbaled straw; corn cobs,
stalks, and leaves (corn stover); silage effluent; horticulture residuals; farm yard
manure; coconut fronds, husks, and shells; coffee hulls and husks; cotton
(stalks), nut shells; rice hull, husk, straw, and stalks, sugarcane bagasse.
Globally, 140 billion metric tons of biomass is generated every year from
agriculture, which is equivalent to approximately 50 billion tons of oil. So,
biomass wastes have attractive potentials for large-scale industries and com-
munity-level enterprises (UNEP 2009).

2. Batch or continuous nonaseptic cultivation for biosynthesis of bioplastic by
mixed bacterial culture (Yu et al. 1999; Lu 2007);

3. Production of crude bioplastic for construction industry and agriculture
avoiding its concentration and extraction of bioplastic using chemical treat-
ment, filtration, centrifugation, or flotation.

For the biosynthesis of PHAs under nonaseptic conditions, organic wastes can
be converted to organic acids through acidogenic fermentation of organics, then
organic acids can be converted to PHAs (Yu 2006). Most typical material balance
of acidogenic fermentation is as follows (Madigan et al. 2012):

C6H12O6 þ 0:82 H2O! 1:13 CH3COOH þ 0:35 C2H5COOH þ 0:26 C3H7COOH

þ 1:67 CO2 þ 2:47 H2;

ð2:1Þ

where C6H12O6 is a monomer of cellulose, CH3COOH, C2H5COOH, C3H7COOH
are acetic, propionic and butyric acids, respectively. The pH of organic fraction of
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municipal waste can be dropped below 5.5 during acidogenic fermentation (Barlaz
et al. 2010), meanwhile optimal pH for acidogens is above 6.0 (Moosbrugger et al.
1993). To maintain optimal pH during acidogenic fermentation of organic wastes
the fine powder of limestone (CaCO3) or dolomite (CaMgCO3) can be added.
There will be two fractions at the end of the process: dissolved acetate salts of Ca
and Mg that could be used for biosynthesis of bioplastic, and semi-solid residuals
that can be used for biocementation (Ivanov and Chu 2008; Ivanov 2010) of sand
and gravel in road, pond, or channel construction or for soil erosion control. Using
this semi-solid residual all solid wastes from bioplastic production can be used as
the components of biocement (see below).

Batch biosynthesis of bioplastic is simpler but less productive than continuous
process, which productivity can be about 1 kg of PHAs/day/m3 of bioreactor (Ben
Rebah et al. 2009). Production of PHAs can be done as semi-continuous culti-
vation of a mixed culture using a feast-famine cycle comprising a feast phase and a
famine phase in one bioreactor. This cycling process promotes not only accu-
mulation of PHAs in biomass but also selection of PHAs-producing microorgan-
isms (Beun et al. 2006; van Loosdrecht et al. 1997, 2008).

All known methods of PHAs extraction suffer from a high cost or environmental
pollution and are difficult to be industrialized. Therefore, crude bioplastic, without
extraction of PHAs, could be used for construction applications. Major advantage
of PHAs for construction applications is biodegradability of bioplastic to carbon
dioxide and water for about 1.5 months in anaerobic sewage, 1.5 years in soil, and
6.5 years in seawater (Mergaert et al. 1992; Reddy et al. 2003; Castilhio et al.
2009). Dead bacterial biomass with PHAs contains also polysaccharides of cell
wall, proteins, polynucleotides, and phospholipids, which content is about 15, 50,
25, and 10 % of dry biomass without PHAs, respectively, and biodegradation rate is
higher than that of PHAs. Therefore, from the point of view of biodegradability of
bioplastic construction wastes there is no need to extract PHAs from biomass but to
use dry biomass with PHAs as a crude nanocomposite material. Such nanocom-
posites should be more flexible and better biodegradable than extracted PHAs.
Sustainability of this biodegradable construction materials is due to: (1) production
of bioplastic from renewable sources or even from organic wastes; (2) fast biode-
gradability of this material under the conditions of landfill or composting so neg-
ative effect of construction waste on environment will be minimized.

One area of applications of nanocomposite bioplastic from bacterial biomass
containing PHAs is the production and use of biodegradable construction materials,
which do not require removal and incineration after temporary application. Bio-
degradable bioplastic foam can be used for insulation walls and partitions, con-
struction of nonstructural (internal) elements such as separating walls and
partitions, and for the temporarily constructions that can be landfilled for fast
degradation. Other examples of potential application of crude nanocomposite from
bacterial biomass and PHAs are construction silts and dust fences that can be
landfilled for fast biodegradation or composted as biomass. Biodegradable plastics
could be also useful for vertical drains, geotextile, geomembranes, soil stabilization
mats. These materials are used temporarily for soft soil stabilization, filtration and
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drainage (Park et al. 2010; Ogbobe et al. 1998; Arunaye and Mwasha 2011; Chu
et al. 2009b), so biodegradability of the material can eliminate the cost of extraction
and disposal of the temporal objects. There could be a big market for biodegradable
bioplastic construction material, which does not require removal and incineration
after use.

2.5 Biocements and Biogrouts

There are possible and used different types of biocementation based on diverse
biogeochemical reactions performed by microorganisms (Ivanov and Chu 2008;
Ivanov 2010).

2.5.1 Calcium- and Urea-Dependent Biocementation

Most popular type of biocementation is based on so-called microbially-induced
calcium carbonate precipitation (MICCP), which is formation of calcium car-
bonate minerals such as calcite, vaterite, or aragonite on the surface of soil par-
ticles due to: (1) adhesion of cells of urease-producing bacteria (UPB) on the
surface of particle; (2) creating a microgradient of concentration of carbonate and
pH in the site of cell attachment due to hydrolysis of urea by urease of UPB. The
biogeochemical reactions of this biocementation process are as follows:

NH2ð Þ2COþ 2 H2O �!Urease
CO2 " þ 2NH4OH, ð2:2Þ

CO2 þ H2O $ H2CO3 �!Carbonicanhydrase
Hþ þ HCO�3 $ 2Hþ þ CO2�

3 ; ð2:3Þ

CaCl2 þ H2CO3 ! CaCO3 # þ 2HCl, ð2:4Þ

2 HCl þ 2 NH4OH! 2 NH4Cl þ 2 H2O, ð2:5Þ

Total

NH2ð Þ2COþ 2 H2O þ CaCl2 �!Urease and carbonicanhydrase
CaCO3 # þ 2NH4Cl:

ð2:6Þ

Enzyme urease (EC 3.5.1.5) is produced by a wide range of microorganisms
because urea is a final product of nitrogen metabolism of human and animals and
plays a role of nitrogen source for many microorganisms in nature. Another
enzyme with important role in MICP is carbonic anhydrase (EC4. 2.1.1) catalyzing
the reversible hydration of CO2 (Dhami et al. 2014).
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MICP is developing and testing in the field mainly for numerous geotechnical
applications (Seagren and Aydilek 2010; DeJong et al. 2010, 2013; Sarayu et al.
2014): to enhance stability of the slopes and dams (van Paassen et al. 2010; Harkes
et al. 2010); for road construction and prevention of soil erosion (Mitchell and
Santamarina 2005; Whiffin et al. 2007; Ivanov and Chu 2008; Ivanov 2010); for
the construction of the channels, aquaculture ponds, or reservoirs in sandy soil
(Chu et al. 2013a, b; Stabnikov et al. 2011); for sand immobilization and sup-
pression of dust (Bang et al. 2011; Stabnikov et al. 2013a); to reinforce sand in
near-shore areas (van der Ruyt and van der Zon 2009).

The applications of MICP in civil engineering can be as follows: the production
of bricks (Sarda et al. 2009; Dhami et al. 2012; Raut et al. 2014); the remediation
of cracks in concrete and rocks and increase of durability of concrete structures
(De Muynck et al. 2008a, b, 2010, 2012; Achal et al. 2010; van Tittelboom et al.
2010; Ghosh et al. 2005; Li and Qu 2012); the concrete improvement (Pacheco-
Torgal and Labrincha 2013a; Pacheco-Torgal and Jalali, 2014); the self-remedi-
ation of concrete (Jonkers 2007; Jonkers et al. 2010; De Muynck et al. 2008a, b;
Wiktor and Jonkers 2011; Ghosh et al. 2006; Siddique and Chahal 2011; Wang
et al. 2012); the modification of mortar (Ghosh et al. 2009; Vempada et al. 2011);
consolidation of porous stone (Jimenez-Lopez et al. 2008); the bioremediation of
weathered-building stone surfaces (Fernandes 2006; Webster and May 2006;
Achal et al. 2011); the fractured rock permeability reduction (Cuthbert et al. 2013);
dust suppression (Bang et al. 2011; Stabnikov et al. 2013a); the construction of
ponds and channels (Chu et al. 2012b, 2013a; Stabnikov et al. 2011); the miti-
gation of earth quake-caused soil liquefaction (DeJong et al. 2006, 2013; Chu et al.
2009a; Weil et al. 2012; Montoya et al. 2012); the encapsulation of soft clay
(Ivanov et al. 2014); the coating of surfaces with calcite for enhanced marine
epibiota colonization (Ivanov et al. not published data).

In majority of the biocementation research, the Gram-positive bacterial species
Sporosarcina pasteurii (former Bacillus pasteurii), especially the strain S. paste-
urii ATCC 11859 (DSM 33), is used because of its high urease activity and ability
to grow at pH above 8.5 and at high concentration of calcium, at least at 0.75 M
Ca2+. Last property is especially important for MICP. Other physiologically
similar species using for biocementation are the representatives of the genus
Bacillus: B. cereus (Castanier et al. 2000); B. megaterium (Bang et al. 2001;
Dhami et al. 2014), B. sphaericus (Hammes et al. 2003; De Muynck et al. 2008a,
b; Wang et al. 2012), B. pseudofirmus (Jonkers et al. 2010), B. subtilis (Reddy
et al. 2010), B. alkalinitrilicus (Wiktor and Jonkers 2011), B. licheniformis (Va-
habi et al. 2014), B. lentus (Sarda et al. 2009) and not identified species (Stabnikov
et al. 2011, 2013b; Hammes et al. 2003; Lisdiyanti et al. 2011). It is well known
that some halotolerant species of genus Staphylococcus exhibited high urease
activity (Jin et al. 2004; Christians et al. 1991). Halotolerant urease-producing
strain of Gram-positive bacteria of Staphylococcus succinus was isolated from
water of the Dead Sea with salinity 34 % (Stabnikov et al. 2013b). However, the
strains of S. succinis are often hemolytic and toxigenic ones (Zell et al. 2008) and
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were associated with some infectious diseases (Novakova et al. 2006; Taponen
et al. 2008). Therefore, the isolated strain was not used for biocementation studies
and applications.

Biocementation can be performed as bulk biocementation through the supply of
bacterial suspension altogether or separately with solutions of calcium and urea by
injection, and using surface percolation (Cheng and Cord-Ruwisch 2012; Stabni-
kov et al. 2011) or surface spraying (Stabnikov et al. 2011, 2013a; Chu et al.
2012a). Modifying types of the treatment it is possible to form the crust on surface
of soil (Fig. 2.6a), biocemented layer of defined thickness (Fig. 2.6b) or bioce-
mented monolith (Fig. 2.6c).

There are several drawbacks in the conventional MICP process: (1) by-product
of urea hydrolysis is ammonium and ammonia that are toxic substances for
workers, harmful for aquatic environment and atmosphere, and increases the risk
corrosion because of high pH (Pacheco-Torgal and Labrincha 2013a); (2) the
brittleness of calcite crystals bonding the soil particles; and (3) the cost of calcium
reagent and urea are higher than the cost of conventional cement. Therefore, the
improvements of MICP as well as new types of biocementation have to be
developed to overcome these disadvantages of conventional MICP.

Fig. 2.6 Spatial types of biocementation: formation of the crust on surface of sand (a), formation
of the biocemented layer of the defined thickness (b), biocementation of monolith (c)
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2.5.2 Biocementation Based on Production of Carbonates
by Heterotrophic Bacteria During Aerobic or Anoxic
Oxidation of Organics

Precipitation of calcium carbonate can be due to increase pH and production of
carbonate by heterotrophic bacteria during aerobic oxidation of organics (Ehrlich
1999; Wright and Oren 2005), for example, in such biogeochemical reactions as

CH3COOð Þ2Ca þ 4 O2 ! CaCO3 # þ 3 CO2 " þ 3 H2O: ð2:7aÞ

Calcium carbonate precipitation due to oxidation of organics was used for
biocementation of the porous stones (Rodriguez-Navarro et al. 2003; Jimenez-
Lopez et al. 2008).

Dissolved salts or chelates of Fe(II) produced by iron-reducing bacteria under
strong anaerobic conditions can be also transformed to ferrous carbonate by
anaerobic heterotrophic bacteria:

CH3COOð Þ2Fe þ 4 O2 ! FeCO3 # þ 3 CO2 " þ 3 H2O: ð2:7bÞ

Precipitation of calcium carbonate due to increase pH and production of car-
bonate by heterotrophic bacteria during anoxic oxidation of organics, for example
due to bioreduction of nitrate:

CH3COOð Þ2Ca þ 8=5 NO�3 ! CaCO3# þ 4=5 N2 " þ 3 CO2

" þ 3 H2O þ 8=5 OH� ð2:8Þ

Calcium carbonate precipitation due to nitrate bioreduction of organics is useful
for the combination of biocementation with nitrogen gas production in situ during
partial desaturation of sandy soil, which is an effective method for the mitigation
of earthquake-caused soil liquefaction (Chu et al. 2009a; Rebata-Landa and
Santamarina 2012; He et al. 2013). Bioreduction of nitrate (bacterial denitrification
process) can also increase pH and initiate precipitation of CaCO3 without pH
buffering (Hamdan et al. 2011). For example, precipitation of CaCO3 can be
performed using bioreduction of calcium nitrate by ethanol:

12 NO�3 þ 5 C2H5OH! 6 N2 " þ10 CO2 " þ 9 H2O þ 12 OH�; ð2:9Þ

6 Ca2þ þ 12 OH� þ 6 CO2 ! 6 CaCO3 # þ 6 H2O, ð2:10Þ

12 NO�3 þ 5 C2H5OH þ 6 Ca2þ ! 6 CaCO3 # þ 6 N2 " þ 4 CO2

" þ 15 H2O: ð2:11Þ

The biogeochemical reactions in case of denitrification and iron-based bio-
clogging are similar:

40 V. Ivanov et al.



12 NO�3 þ 5 C2H5OH! 6 N2 " þ 10 CO2 " þ 9 H2O þ 12 OH�; ð2:12Þ

6 Fe2þ þ 12 OH� ! 6 Fe OHð Þ2# : ð2:13Þ

12 NO�3 þ 5 C2H5OH þ 6 Fe2þ ! 6 Fe OHð Þ2# þ 6 N2 " þ 10 CO2

" þ 9 H2O: ð2:14Þ

2.5.3 Biogas Production in Situ for Mitigation of Soil Liquefaction

Earthquake is one of the most devastating types of geohazards on Earth causing
great economic losses including damages to infrastructures and properties. Many
of the damages were related to soil liquefaction—a phenomenon whereby soil
substantially loses strength and stiffness. Conventional ground improvement for
mitigating liquefaction-induced geotechnical hazards are vibroreplacement, com-
paction grouting, and deep dynamic compaction methods. However, these methods
are energy-consuming and expensive. Furthermore, dynamic compaction cannot
be used for retrofitting or in the city or built-up areas. Recent fundamental studies
in soil mechanics showed that inclusion of gas bubbles in saturated sand can
reduce its susceptibility for liquefaction substantially (Xia and Hu 1991; Yang
et al. 2004; Yegian et al. 2007; Eseller-Bayat et al. 2012). This finding has paved
the way for the development of one of the best solutions to the mitigation of
liquefaction disasters. It has been demonstrated that the liquefaction resistance of
saturated sand can be significantly increased when the sand is slightly de-saturated
with some voids displaced by nitrogen gas produced by denitrifying bacteria (Chu
et al. 2009a, ; Rebata-Landa and Santamarina 2012; He et al. 2013). The biogas
production in situ (Eqs. 2.15–2.20) has three major advantages over the other
methods: (1) the distribution of gas is uniform because bacteria and reagents are in
the liquid form and can be distributed evenly in sand; (2) the gas bubbles generated
by bacteria are tiny and thus the gas bubbles are relatively stable; and (3) nitrogen
gas is inert and has low solubility.

Different organic and inorganic substances can be biooxidized by nitrate but
ethanol (C2H5OH), acetic acid (CH3COOH), or glucose (C6H12O6) that can be as
used as 75 % (w/v) syrup from corn, are most suitable electron donors because of
their low cost, availability, and high solubility in water. Their biooxidation by
nitrate (denitrification), is shown below:

1:67 C2H5OH þ 2 NO�3 ! N2 " þ 3:33 CO2 þ H2O þ 2 OH�; ð2:15Þ

1:25 CH3COOH þ 2 NO�3 ! N2 " þ 2:5 CO2 þ 1:5 H2O þ 2 OH�; ð2:16Þ

0:42 C6H12O6 þ 2NO�3 ! N2 " þ 2:5 CO2 þ 1:5 H2O þ 2 OH�: ð2:17Þ

These electron donors are very similar from stoichiometrical and economical
points of view (Table 2.3).
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The stoichiometrical parameters of these reactions are almost same: con-
sumption of electron donor is 3.4 kg/m3 of N2 and consumption of electron
acceptor (sodium nitrate) is 7.6 kg/m3 of N2. The consumption of electron donor
and acceptor for 10 % (volume of gas/volume of water) desaturation of soil with
porosity 50 % is 0.55 kg/m3 of saturated soil. Production of carbon dioxide in
reactions 2.1–2.3, which is from 120 to 159 g/m3 of N2 or from 12 to 16 g/m3 of
water in saturated soil with 50 % porosity, is not accounted for desaturation of soil
because solubility of CO2 in water at 10 �C is 2500 g/m3.

There is almost no cost difference between these electron donors: the cost of
electron donor is from $0.5 to $0.7/kg, the cost of electron acceptor (sodium
nitrate) is from $0.4 to $0.5/kg, so the estimated cost of electron donor and
acceptor for partial desaturation is from $5.1 to $6.2/m3 of N2. The estimated cost
of electron donor and acceptor for 10 % (volume of gas/volume of water) desat-
uration of soil with porosity 50 % is from $0.25 to $0.31/m3 of saturated soil.
However, even stoichiometrical and economic parameters of the electron donors
are similar, ethanol could be more preferable electron donor then acetic acid or
glucose sirup for geotechnical applications because it is liquid with neutral pH and
not corrosive substance with low viscosity.

Biocementation of loose sand using a MICP process to increase the liquefaction
resistance of sand has also been reported by DeJong et al. (2006), Montoya et al.
(2012). It was shown (Montoya et al. 2012) that the resistance of sand to lique-
faction, as measured by a decrease in the excess pore water pressure ratio, was
significantly increased after MICP. However, sufficiently strong biocementation of
saturated sand, at the level of unconfined compressive strength 250–500 kPa,
could be at the content of precipitated calcium carbonate of 75–100 g/kg of sand
(Ivanov et al. 2012a; Cheng et al. 2013). Therefore, it could be material-con-
suming process requiring about 88 kg CaCl2 and 96 kg of urea per 1 m3 of sand,
which will cost at least $41/m3 of saturated soil. This value is about 140 times
higher than 10 % desaturation of soil using biogas production in situ. So, bioce-
mentation of soil to mitigate liquefaction could be too expensive to be applicable
for large-scale geotechnical practice.

Table 2.3 Comparison of stoichiometrical and economical parameters of partial biodesaturation
of saturated soil with 50 % porosity

Electron
donor

Use of
electron
donor
(kg/m3 of
N2)

Use of electron
acceptor
(sodium
nitrate) (kg/m3

of N2)

Cost of
electron
donor ($/
kg)

Cost of
electron
acceptor
($/kg)

Estimated cost of
electron donor and
acceptor for 10 %
desaturation of soil ($/
m3 of N2)

Ethanol 3.4 7.6 $0.60–0.70 $0.4–0.5 $0.25–$0.31

Acetic
acid

3.4 7.6 $0.60–0.70 $0.4–0.5 $0.25–$0.31

Glucose 3.4 7.6 $0.60–0.80 $0.4–0.5 $0.25–$0.31
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2.5.4 Calcium- and Magnesium-Based Biocementation

The biocement for this biocementation can be produced through dissolution of
dolomite, which is a common raw material for the production of cement, in
hydrochloric acid:

Ca2þ þ Mg2þ þ CO NH2ð Þ þ UPB! CaMg CO3ð Þ # þ 2 NHþ4 : ð2:18Þ

Our experiments showed that this biocementation produced the unconfined
compressive strength of the biocemented sand column 12.4 MPa at the content of
precipitated Ca and Mg 6 % (w/w). However, the hydraulic permeability of the
biocemented sand was high, 7 9 10-4 ms-1. For calcium-and urea based bioce-
mentation the hydraulic conductivity and strength are correlated and high strength
is accompanied with low hydraulic conductivity of the biocemented sand. Prob-
ably, high strength but at the same time high permeability of sand after magne-
sium-based biocementation is due to coating of whole surface of sand grains with
crystals, while calcium- and urea-based biocementation produced crystal mainly in
the contact areas of the sand grains (Fig. 2.7).

Combined calcite and struvite (NH4MgPO4) precipitation using triple super-
phosphate and magnesium salt to avoid formation of soluble ammonia and release
of ammonia to atmosphere during biocementation:

Ca H2PO4ð Þ2þ 2 Mg2þ þ CO NH2ð Þ2þ H2O þ acid urease! 2 NH4MgPO4 #
þ CaCO3 # :

ð2:19Þ

2.5.5 Calcium-Phosphate Biocementation

Calcium phosphate precipitation from calcium phytate (myo-inositol hexakis-
phosphate, calcium salt) solution, (the main storage form of phosphorus in the
plant seeds) using phytase activity of microorganisms (Roeselers and van Loos-
drecht 2010) producing a mixture of the crystal forms such as monetite (CaHPO4),
whitlockite [Ca9(Mg,Fe2+)(PO4)6HPO4], and hydroxyapatite [Ca5(PO4)3OH] with
the Ca-to-P molar ratio 1.55. The problem of this type of biocementation is a low
solubility of calcium phytate (in the described study the concentration was
5.6 mM), so big volumes of solution must be pumped through soil.

Triple superphosphate, which is a relatively cheap commodity, has also low
solubility about 0.08 M, and can be used for calcium phosphate precipitation using
acidotolerant urease-producing microorganisms as shown below.
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Monetatite precipitation:

Ca H2PO4ð Þ2þ CO NH2ð Þ2þ H2O þ acid urease! CaHPO4 #
þ CO2 þ NH4ð Þ2HPO4:

ð2:20Þ

Fig. 2.7 Precipitates/crystals
on sand surface after Ca–Mg
based biocementation (a) and
calcium-based
biocementation (b)
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Hydroxyapatatite precipitation:

5Ca H2PO4ð Þ2þ8 CO NH2ð Þ2þ8 H2O þ acid urease! Ca5 PO4ð Þ3 OHð Þ # þ 2NH4HCO3

þ 6CO2 þ 7 NH4ð Þ2HPO4:

ð2:21Þ

2.5.6 Calcium Bicarbonate Biocementation

Important biocementation technology could be precipitation of calcite using
removal of CO2 from solution of calcium bicarbonate (Ehrlich 1999) because it
releases low quantity of ammonia and can be performed without increase of pH to
8.5–9.0 as conventional MICP:

Ca HCO3ð Þ2þCO NH2ð Þ2þH2O þ acid urease! CaCO3 #
þ CO2 þ ðNH4Þ2CO3:

ð2:22Þ

Solubility of calcium bicarbonate is relatively high, about 1 M, to perform prac-
tically feasible biocementation. This method is a model of the naturally occuring
dissolution-precipitation of calcium carbonate

CaCO3 þ CO2 þ H2O $ Ca HCO3ð Þ2: ð2:23Þ

The difference is that biocementation has to be performed at high concentration
of calcium bicarbonate and with significantly higher rate than in nature. The rate of
precipitation of calcium carbonate from calcium bicarbonate in nature is deter-
mined by the removal rate of CO2 from the reaction. The rate of biocementation
can be accelerated due to increase of pH during hydrolysis of urea by enzyme
urease. The problem of bicarbonate biocement is its instability, so the solution
must be produced and stored at elevated partial pressure of CO2.

2.5.7 Iron-Based Bioclogging and Biocementation

Iron-based biocementation could be suitable for geotechnical applications if to
combine three bioprocesses shown below.

• Acidogenic fermentation of cellulose-containing agricultural or food-process-
ing residuals producing mainly acetic acid (see Eq. 2.1);

• bioreduction of cheap commodity, iron ore, using products of acidogenic fer-
mentation or many organic electron donors (Ivanov et al. 2009; Guo et al.
2010), see equation for the reduction of ferric ions by iron-reducing bacteria
using acetate:
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4 Fe2O3 þ CH3COOH þ 16 Hþ ! 8Fe2þ þ 2 CO2 þ 10 H2O, ð2:24Þ

8 Fe2þ þ 16 CH3COOH! 8 Fe CH3COOHð Þ2þ 16 Hþ; ð2:25Þ

4 Fe2O3 þ 17 CH3COOH! 8 Fe CH3COOHð Þ2 þ 2 CO2 þ 10 H2O:

ð2:26Þ

• oxidation and bioprecipitation of ferrous chelates (Stabnikov and Ivanov 2006;
Ivanov et al. 2012a):

Fe2þ þ 1:5 NH2ð Þ2COþ 0:25 O2 þ 5:5 H2O þ UPB! Fe OHð Þ3#
þ 1:5 ðNH4Þ2CO3 þ 2Hþ:

ð2:27Þ

Urease-producing bacteria and urea are used to maintain the pH to be above the
neutral value because oxidation of ferrous ions and hydrolysis of ferric ions is
accompanied with acidification of solution. The advantages of using iron
hydroxide as the clogging compound are that the soil treated by iron minerals is
more ductile and able to resist low pH conditions. The soil treated using iron based
biocement is not as strong as that treated using calcium based biocement (Ivanov
et al. 2012a) but the clogging effect of precipitated iron hydroxide is higher than
that of calcium carbonate (Fig. 2.8).

Precipitation of ferric and manganese hydroxide from chelates of Fe2+ and
Mn2+ for soil bioclogging can be done using neutrophilic iron-oxidizing bacteria.
For example, precipitation of iron/manganese minerals by iron-oxidizing bacteria
Leptothrix discophora is a promising technology for modifying engineering soil
properties and mitigating geologic hazards (Weaver et al. 2011).

2.5.8 Eco-Efficient Biocement

By the analogy with eco-efficient concrete (Pacheco-Torgal and Jalali 2011;
Pacheco-Torgal et al. 2012; Pacheco-Torgal and Jalali, 2013), eco-efficient bio-
cement can be produced using mining tails/residuals of limestone, dolomite, iron
ore and organic agricultural, food-processing, or municipal wastes using acido-
genic fermentation and bioreduction of iron with production of dissolved salts of
calcium, magnesium, and iron.

The problem with the brittleness of biocementation could be solved using
biomimetic approach (Sarikaya 1994; Mayer and Sarikaya 2002) using composite
strengthening through combination of mineral and organic nano- and micro-par-
ticles. By the analogy with nanomaterials in cement (Pacheco-Torgal and Jalali
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2011), applications of composite micro- and nano-materials can also be useful to
increase strength and ductility of biocement. Theoretically, ductile biocement
could be made as a bioinspired material (Pacheco-Torgal and Labrincha 2013b),
with the 3D-composite structure of hierarchically arranged nano- and micrometric
units (Imai and Oaki 2010), or just simply with the layers or inclusions, where
inorganic crystals of calcium carbonate (calcite, aragonite, vaterate), calcium
phosphate (hydroxyapatite), oxides of Si and Fe and others create the hardness and
the organic components such as proteins and polysaccharides ensure flexibility of

Fig. 2.8 Micrographs of
untreated sand (a) and sand
treated with iron-based
biogrout (b) or calcium-based
biogrout (c)
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the biocemented structure. This property is well known from the structure of the
natural biominerals such as bones, shells, and corals as well as artificial engi-
neering composite materials (Yao et al. 2011; Mayer and Sarikaya 2002). How-
ever, the cost of micro- and nano-composites could be too high to be suitable for
construction practice.

One prospective application of biocementation is repair of the cracks in con-
crete and self-healing concrete. The repair of the cracks in the surface layer of
concrete is a major portion of multi-billion maintenance and repair cost of the
concrete structures (Neville 1996; FHWA 2001). Self-healing concrete is based on
the embedding into concrete the glass or plastic capsules with material, which
could be released after simultaneous cracking of concrete and capsules. One type
of material for self-repair of the concrete proposed to be based on MICP (Ra-
machandran et al. 2001; Jonkers 2007; Jonkers et al. 2010). However, volume of
produced CaCO3 will be always significantly smaller of the volume of capsule and
the crack to be filled.

2.6 Bioremediation and Biodecontamination
of Construction Site Through Biocementation

When site can be used for construction but is polluted with chemical substances
above permitted levels, microbial remediation of this site could be the cheapest
option in comparison with mechanical or chemical cleaning of the construction
site. Bioremediation can be done using such biogeochemical reactions as oxida-
tion, reduction, and transformation of pollutants to nontoxic or not dissolved
substances. Bioremediation of polluted sites is now well developed area with
hundreds of published research papers, reviews and books as well as a lot of
commercially available biotechnologies and equipment.

Meanwhile, bioremediation of construction sites through biocementation is a
relatively new area. Usually, the aim of these methods of construction biotech-
nology is to prevent the dispersion of hazardous substances from the accidentally
polluted site to environment. It is performed through either biocementation of soil
or formation of biogeochemical barrier. For example, MICP has the ability to co-
precipitate toxic radionuclides 90Sr, 60Co and metal contaminants such as Cd and
this can be used to prevent their dispersion in environment (Warren et al. 2001;
Fujita et al. 2004; Mitchell and Ferris 2005). After MICP treatment of sand surface
with the quantity just 15.6 g Ca/m2 the release of the sand dust and its artificial
pollutants to atmosphere decreased in comparison with control by 99.8 % for dust,
92.7 % for phenantherene, 94.4 % for led nitrate, and 99.8 % for bacterial cells of
Bacillus megaterium due to bioaggregation of the fine sand particles. Bioaggre-
gation treatment of the soil surface could be useful method to prevent the dis-
persion of dust and the dust-associated chemical and bacteriological pollutants in
water, air and soil (Stabnikov et al. 2013a), so it could be useful in construction
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and probably to protect atmosphere in fixation response to a radiation dispersal
devise attack (Cordesman 2002; Parra et al. 2009).

Another way of environmental protection from the polluted sites can be con-
struction of permeable, reactive, biogeochemical barriers, which will precipitate
heavy metals and degrade toxic chemicals due to microbial activity inside the
barrier (Kavamura and Esposito 2010; Gibert et al. 2013).

2.7 Conclusions

Construction biotechnology includes microbial production of construction mate-
rials and microbially-mediated construction processes. Microbial cements, poly-
saccharides, and construction bioplastics can be made using biotechnologies.
Microbial cement could be produced with lower cost than conventional cement.
Biodegradability of the bioplastic constructions after their demolishing reduces the
cost of construction wastes disposal. Microbial polysaccharides are used to modify
the cement properties and soil bioclogging. Construction biotechnologies are based
on the activity of urease-producing, acidogenic, halophilic, alkaliphilic, denitri-
fying, iron- and sulfate-reducing bacteria, cyanobacteria, algae, and microscopic
fungi. The bio-related materials and processes can be used for the particles
aggregation, soil grouting and clogging, cementation of the particles, desaturation
of soil, encapsulation of soft clay, and coating of the solid surfaces. The bio-
technologically produced materials and construction biotechnologies have a lot of
advantages in comparison with the conventional construction materials and pro-
cesses so the practical implementations of the construction biotechnologies could
give significant economic and environmental benefits.
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Chapter 3
General Aspects of Biomimetic Materials

P.M.M. Pereira, G.A. Monteiro and D.M.F. Prazeres

Abstract Natural materials like bone, ligaments, wood, shells, and scales are
remarkably efficient in terms of fulfilling complex and multiple functional
requirements with minimal amounts of matter. Mimicking design features found in
these biomaterials like hierarchical structure and composite nature, and resorting
to bio-inspired manufacturing processes like biomineralization and self-assembly
could yield man-made materials that are multifunctional, lightweight, benign, and
recyclable. More specifically, the incorporation of many of the characteristics and
properties found in natural materials into paints, coatings, films, concrete, glass,
ceramics, fibers, and insulation has the potential to revolutionize the way infra-
structures and buildings are constructed. This chapter provides a concise coverage
of the area of biomimetic materials. A brief outline of the discipline is followed by
a discussion of general aspects related to the structure and synthesis of natural
materials. Next, the recent progress made in the development of biomimetic
materials with improved mechanical resistance, optical, self-cleaning, adhesive-
ness, and anti-adhesion properties is reviewed with reference made to the most
noteworthy examples.

3.1 Introduction

Biomimetics or bio-inspired design relies on an understanding of biological
functions, structures, and principles of various entities found in nature with the
goal of designing products, processes, and systems of commercial and/or industrial
value, which mimic certain features of the biological counterparts (Benyus 1997).
The rationale behind the biomimetic approach is the realization that throughout
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millions of years of evolution, Nature has most often selected the solutions best
adapted to the prevailing environmental conditions. The environmental sustain-
ability, which is inherent to natural organisms, is also another allure of the field of
biomimetics.

Bio-inspired design combines a deep understanding of the physical, chemical,
and biological phenomena and mechanisms behind a given shape, process, or
natural system with a rigorous scientific and technical development of a functional
application (Vincent and Mann 2002). While in many occasions in the past sci-
entists, engineers, and artists have looked into biological systems for inspiration
(e.g., Leonardo da Vinci, the Wright brothers, Antoni Gaudí), the explosion of
biomimetics as a research field occurred essentially in the last 10–15 years, fueled
by developments of many engineering and scientific disciplines and by the
availability of ever more powerful scientific instrumentation and manufacturing
technologies. A recent survey of the literature has revealed that the area has
expanded from less than 100 papers per year in the 1990s to around 300 papers per
year in 2013 (Lepora et al. 2013). The range of bio-inspired applications under
development or which have already seen commercial success cover disparate
disciplines, from materials science, nanotechnology and architecture to robotics,
computer science, and biomedical engineering (Lepora et al. 2013).

The field of materials science is one of the areas where biomimetics is likely to
have more impact (Whitesides and Grzybowski 2002). One of the reasons for this has
to do with the fact that when compared with synthetic, human-made materials,
biological materials are remarkably efficient in terms of fulfilling complex require-
ments with minimal amounts of matter (Wegst and Ashby 2004). The transposition
of the ability of many biological systems to sense, regulate, react, grow, regenerate,
and heal into new materials could yield unprecedented properties and performance
(Youngblood and Sottos 2008). Furthermore, the vast majority of biomaterials are
biodegradable and their basic components can be recyclable. Mimicking and
incorporating this aspect in man-made materials would have a critical impact in our
society both from an environmental and an economic point of view.

From a biomimetic view, the most interesting properties of biomaterials which
we would like to replicate are mechanical resistance (Barthelat 2007), optical
properties (Vukusic and Sambles 2003), self-cleaning (Bhushan et al. 2009),
adhesiveness and anti-adhesion (Hasan et al. 2013), self-healing (Trask et al. 2007),
drag reduction (Fish 2006), and thermal storage (Nikolić et al. 2003; Sharma et al.
2009). The incorporation of many of these properties into materials like paints,
coatings, and films (e.g., Hasan et al. 2013; Zhao et al. 2011), concrete (e.g., Kumar
et al. 2011), glass (e.g., Mirkhalaf et al. 2014), ceramics (e.g., Munch et al. 2008),
fibers (e.g., Li et al. 1995) and insulation (e.g., Wang et al. 2012) which are
lightweight, benign, and recyclable could revolutionize the way infrastructures and
buildings are constructed (Fig. 3.1). Examples of biological materials which have
attracted scientific curiosity and technological ingenuity, and which are worth
looking at in the context of civil engineering include teeth, horn, bone, skin, tendon,
ligament, silk, shells, wood, bamboo, leaves, seeds, scales (fish, butterfly, reptile),
feathers, fur, and wool, to name a few (Wegst and Ashby 2004).
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3.2 General Aspects of Biomaterials

The transfer of a concept or strategy observed in Nature into a new material is not
trivial, requiring first a careful analysis and study of the natural model, and then a
certain degree of creativity, interpretation and abstraction in order to identify the
underlying principles and mechanisms. Only then will it be possible to use that
fundamental information to solve a specific technological problem or to create
something new. In many cases, the final practical result can be very far from the
inspiring biological model. As is the case with any material, the properties of
materials of natural origin are intimately determined by the way their different
components are structured and bio-manufactured. Thus, in order to create new
materials that mimic the behavior and performance of natural biological materials,
it is important to understand their key structural features and the processes by
which such structures are formed.

3.2.1 Key Structural Features of Biomaterials

While the variety of biomaterials found in Nature is tremendous, one can identify a
number of structural and functional features which are recurrently found across
different groups of materials of biological origin. Examples of thematic features
widely disseminated across biomaterials include (i) hierarchy, (ii) composite
nature, (iii) multifunctionality, and (iv) self-healing.

Roof tiles
self-cleaning
anti-icing

Windows
anti-reflective
bird-friendly 

Structure, beams
lightweight
tough
flexible

Tiles, films, paints
anti-reflective
iridescent
fog-collecting
self-cleaning
anti-microbial

Floors
anti-slippery

Concrete
self-healing

Adhesives
non-toxic
water resistant

Fig. 3.1 Some potential applications of biomimetic materials in the construction of buildings
and infrastructures

3 General Aspects of Biomimetic Materials 59



Hierarchy. Hierarchical structures are complex systems made up by a combi-
nation of interconnected parts across the nano-, micro- and millimeter scales (and
beyond), which have evolved to display physical properties that solve specific
functional challenges (Stratakis and Zorba 2010; Bae et al. 2014). The majority of
these structures contain a limited number of elements arranged and oriented in a
controlled way as to produce materials that are most often heterogeneous and
anisotropic. Furthermore, they comply with the fundamental biological principle
of minimizing the amount of matter in noncritical areas, a characteristic which
leads to materials that are lightweight. Materials displaying these hierarchical
structures are extremely resilient and will typically display ability to self-repair
cracks and fractures caused by usage (self-healing). Two well-known examples of
biological materials displaying hierarchical structure are bone (Oyen 2008) and
hair (Popescu and Höcker 2007).

Composite nature. Nearly all biomaterials are composites made up of a rela-
tively small number of polymeric and mineral building blocks (Wegst and Ashby
2004). These composites will typically arrange themselves by a process of self-
assembly into complex hierarchical structures (see above). Natural composites
contain a considerable proportion of mineral material without becoming brittle.
The combination with biological polymers confers strength and toughness values
superior to man-made ceramics. In comparison with the thousands of compounds
used by humankind, living organisms rely on a smaller range of molecules to
produce materials with disparate properties. Examples of minerals widely present
across living organisms include (i) calcium carbonate (e.g., in mollusk shells, eggs,
crustaceous exoskeletons), (ii) calcium phosphate (e.g., in teeth, bones) and
(iii) amorphous silica (e.g., in diatoms and sponges). On the other hand, proteins
like collagen (tendons, muscle, bones), keratin (hair, horns, beaks), and elastin
(skin) and carbohydrates like cellulose (wood) and chitin (arthropods exoskele-
ton) provide a soft matrix for elastic behavior and create the support required for
the self-assembly and stacking up of the mineral building blocks in biomaterials.

Multifunctionality. Multifunctionality is a wide spread characteristic of
biological materials and structures. This means that a given architecture and
composition typically originates a material that displays a variety of functions. For
example, the microstructure of the scales that cover butterfly wings is responsible
for functionalities which range from super-hydrophobicity and directional self-
cleaning to structural color and chemical sensing (Liu and Jiang 2011).

Self-healing. Self-healing is one of the secrets of biological materials. The
toughness behind many materials is translated, at the molecular level, by the
fracture of sacrificial bonds (Bhushan 2009). Whenever the load stops, the material
has the ability to regenerate. Most biomaterials have this ability, which, besides
allowing its recovery, opens the possibility for adaptation (Meyers et al. 2008).
Some biomaterials, like bone, are dynamic, continuously restructuring themselves
in response to the applied load. The increment in life-time attributed by self-
healing is a valuable characteristic, which many researchers are trying to replicate
(Wool 2008).
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Summing up, materials of biological origin use a few components (like keratin)
to make a wide array of different structures in controlled orientations with durable
interfaces between different materials. They are dependent or sensitive to water
and produced with benign chemistry. Their properties and performances can vary
in response to the environment. These complex, controlled shapes are resilient and
often able to repair themselves.

3.2.2 Synthesis of Biomaterials

The processes used by living organisms to synthesize biomaterials are substan-
tially different from those used by us to produce the range of materials that support
modern societies. The most impressive features of biosynthesis are self-assembly,
biomineralization, water-based chemistry, and resource efficiency.

Self-assembly. Biological materials and structures are typically assembled from
the bottom up into an organized structure or pattern as a consequence of the
autonomous organization of their components (Whitesides and Grzybowski 2002).
The self-assembly of biomaterials involves a range of noncovalent and reversible
interactions, which may include metal coordination, hydrogen bonding, van der
Waals forces, hydrophobic effects, p–p interactions, metal coordination, and
electrostatic interactions. These relatively weak forces act in concert to bring and
hold pre-existing building blocks (e.g., biomacromolecules, ions) together (Aili
and Liedberg 2010). Many times the interactions that take place between indi-
vidual components are highly specific, spontaneously giving rise to architectures
as complex as viruses capsules, even in vitro (Pampaloni and Masotti 2010).

Biomineralization. The processes used by organisms to incorporate mineral
compounds into biomaterials are carried out at moderate conditions of pressure,
temperature, and pH. Mineral crystals are formed at the nanoscale and put together
from the bottom up with the help of proteins and carbohydrates, which provide the
optimal conditions for this assemblage (Kröger et al. 1999). The same process
allows the formation of metal inclusions by some bacteria and diatoms (Klaus-
Joerger et al. 2001). The resulting materials present an extraordinary homogeneity
along their small-scale structures. The composites are tailor-made according to the
organisms requirements in a highly controlled fashion.

Water-based chemistry. When reviewing the thousands of diverse materials
existing on the living world—strong shells, tough skeletons, elastic silk, metal
granules in the magnetosomes of Magnetospirillum gryphiswaldense, polyhy-
droxyalkanoates (bioplastic) granules in several microorganisms or the feathers
and fur that act as thermal and moist insulators—it is astonishing to realize that
they were produced resorting exclusively to water-based chemistry. Since the
major component of organisms is water, molecular systems have evolved to per-
form highly specific and efficient reactions in aqueous solution (Swiegers 2012).
Biological processes confirm that most materials can be produced without the need
for extreme conditions or toxic reagents. Even at mild conditions, biomaterials are
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assembled with an impressive precision, from the nano and micro to the
macroscale.

Resource efficiency. In Nature, resources are limited and transportation is
expensive. For this reason, living organisms live in close balance with the sur-
rounding environment. The local environment is the source of elements, not only
for the organisms that live there, but also for their offspring. For this reason,
bioprocesses have been perfected by natural selection to maximize efficiency and
reduce vital losses along the metabolic routes. Moreover, Nature uses cyclic
processes, ensuring that each element is returned to its original form, ready to be
used again. Nature found a way to recycle every biomaterial, reduce the waste
generation and the impact of organisms on the environment, and constantly feed
the cycle of the elements.

3.3 Development of Biomimetic Materials

3.3.1 Mechanical Properties

Despite their attractive properties, the application of highly mineralized materials
such as ceramics and glasses in man-made products used in construction is often
limited by their characteristic brittleness. In nature, however, the incorporation of a
small percentage of biomolecules and a controlled nano-, micro- and meso-
hierarchical architecture of the building blocks originates materials that are both
flexible and robust, providing organisms with an ability to manage impact and
shock in the most varied circumstances (Mirkhalaf et al. 2014). In these materials,
structural, elastomeric biomolecules such as proteins and polysaccharides con-
tribute to improve the robustness of mineral components which are characteristi-
cally harder, but more fragile. This combination yields natural composites that
present both strength and toughness several orders of magnitude above the ones
displayed by pure minerals (Barthelat 2007). Examples of natural ceramic com-
posites that have been the subject of study range from nacre (Corni et al. 2012) and
bone (Launey et al. 2010), to bird eggshells (Freeman et al. 2010), sponge spicules
(Meyers 2008) and the armored skins of crocodiles, armadillo, turtles, and fish
(Zimmermann et al. 2013; Chintapalli et al. 2014). Natural biopolymers (e.g., silk)
and cellular matrices (e.g., wood, bamboo) also present properties, which result
from nano-, micro- and meso-structures that are worth replicating into materials
used to withstand mechanical loads. A few examples are briefly described next that
are especially relevant for the development of new construction materials (e.g.,
glasses, protective coatings, tiles, etc).

Nacre. In order to protect mollusks from predators and water-carried debris, the
shells of organisms like the abalone or oysters have evolved into a stiff and impact
resistant material named nacre or mother of pearl (Corni et al. 2012). The struc-
turing of alternating aragonite (an orthorhombic crystal form of calcium carbonate)
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tablets (95 %wt) and protein layers (5 %wt) into a brick and mortar fashion
(Fig. 3.2) provides a bending strength one order of magnitude higher than pure
aragonite and a 3,000 times higher work of fracture (Meyers et al. 2008).

At high tensile stress, the crystal tablets will slide on one another and the
organic layer will suffer viscoplastic deformation, allowing nacre to withstand
stretch and dissipate energy (Barthelat 2007). Fabrication techniques such as
freeze casting, hot-press assisted slip casting, extrusion and roll compaction, layer-
by-layer self-assembly, and paper-making method have successfully yielded
materials that mimic the mechanical properties of nacre (Corni et al. 2012).

Enamel. The hardest material in vertebrates is enamel, a specialized tissue
present in the outer layer of teeth. The microscopic arrangement of 5 lm rods of
hydroxyapatite (the biologically common form of calcium phosphate crystals) and a
high mineralization confer a hardness of 4 GPa to enamel (Meyers et al. 2008). The
low toughness of enamel is balanced by the dentin that composes the inner layer of
teeth. It comprises 30 % vol. of collagen, the structural protein present in most
body tissues, and 25 % vol. of water, along with hydroxyapatite crystals, which
assemble themselves around the collagen tubules to form a porous, though tough
and light, material (Corni et al. 2012). The development of hard and resistant teeth
by animals allowed them to explore a wider range of food sources.

Bone. The mimicking of the porous and branched structure of bone is ubiquitous
in the work of some renowned architects, originating structures that are lightweight
and tough [e.g., Casa Batlló and La Sagrada Família (Barcelona, Spain) by Antoni
Gaudí or Gare do Oriente (Lisbon, Portugal) by Santiago Calatrava]. Bone has
evolved to provide efficient structural support to vertebrates and protect their vital
organs and is thus an interesting material to emulate for construction and safety
applications. It is composed of hydroxyapatite mineralized collagen fibrils arranged
across seven hierarchical levels into lamellar-structured osteons in a porous matrix.
The strength of bone is controlled by its constituents at two levels: an intrinsic
toughening based on plastic deformation of organic molecules at the submicron
scale and an extrinsic toughening based on crack-tip shielding of osteons at macro

Fig. 3.2 Electron
microscopy image showing
the characteristic
arrangement of layers of
aragonite ‘‘bricks’’ in nacre.
Image source Wikimedia
commons, Fabian
Heinemann, public domain
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scale. The tensile strain of human cortical bone is 2 % while for elk antler it can
reach 12 % (Launey et al. 2010). In contrast to nacre and enamel, bone is a dynamic
material with anisotropic distribution of mass, where the regions subjected to higher
loads are reinforced in comparison to the overall bone. Besides reducing the den-
sity, bone porosity grants the elasticity necessary to competently deflect impacts
(Young’s modulus of bone is between 8 and 24 GPa) (Meyers et al. 2008). This
property has been explored by Wilfredo Méndez Vázquez (from Escuela de
Arquitectura de la Pontificia Universidad Católica de Puerto Rico) to create Stick.S,
a more sustainable concrete associated with a design less vulnerable to natural
disasters (earthquakes, hurricanes, etc.).1

Silk. In addition to mineralization, another strategy used in the natural world to
produce strong tissues like silk, arthropods’ exoskeleton, hoofs, and horns is to
increase the cross-linking of polymeric or fibrous materials. Spider silk possesses a
remarkably high tensile strength and extensibility (the strain at failure can exceed
1,600 %), which evolved in order to quickly absorb the kinetic energy of insects
trapped in webs (Meyers et al. 2008). The viscoelastic behavior of silk fibers is
attributed to the entropic unfolding of its constitutive proteins and to the transfer of
load to protein nanocrystals embedded in the disordered matrix (Meyers et al.
2013). The properties of each silk thread are determined by the proportion of each
component, the flexible glycine-rich matrix and the strong anti-parallel b-sheets
crystals, as well as by the entanglement of the fibers. The published literature on
the production of artificial silk suggests that the spinning process is crucial to
obtain fibers with similar characteristics (Eadie and Ghosh 2011). Another
remarkable property of silk is its ability to retain 10,000 times its weight in water,
which can be used to create humidity-responsive fibers. Clearly, silk is an out-
standing material that can serve as an inspiration to produce stronger and lighter
cables, textiles, or protective clothing.

Wood. The mechanical properties of cellular matrixes deserve some credit as
well. Wood, for example, has been used by humankind since its rise in applications
ranging from buildings to tools. Its success as a structural material is explained by
the high specific strength (comparable to steel) provided by its hierarchical
structure and optimized orientation of fibrils reinforcement (Meyers et al. 2008).
Wood is mainly composed of cellulose, hemi-cellulose, and lignin polymers
arranged in parallel hollow tubular cells (Eadie and Ghosh 2011). The optimiza-
tion of the number of layers and biopolymer orientation in some specific types of
woods, like bamboo, can double their tensile strengths up to 520 MPa (Li et al.
1995). The mimicking of these reinforcement patterns may be applied when
designing the structural support of buildings and in the manufacturing of com-
posite materials (Li et al. 1995; Banthia et al. 2012).

Pummelo. Using the hierarchical structure of cellular matrices, nature has found
an ingenious solution to resist impact in the form of the Citrus maxima fruit (also

1 STICK.S lightweight structural system, Ask Nature, Biomimicry 3.8. Accessed on the 14th
March 2014, http://www.asknature.org/product/8779abb44e4bcd7a9e8f3bf18a2c0a89.
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known as pummelo). This Southeast Asian native fruit grows 10–15 m above the
ground and is the largest fruit of the Citrus genus (15–25 cm diameter). Once
ripened, it falls to the ground, quickly dissipating the kinetic energy (*90 J) to
resist outstanding deceleration forces without being visibly damaged. The 2 cm
thick pummelo’s peel, with its alveolar structure, is acknowledged for this ability.
Metal foams have already been produced by emulating the peel’s microstructure,
which reasonably reproduce the impact resistance properties of the pummelo fruit
(Fischer et al. 2010). Applications of pummelo-like foams could range from low
weight package filling to protective coating for electronic devices or safety coating
(helmets).

3.3.2 Optical Properties

The ability to manage light (visible and nonvisible) is important for many
organisms in the most varied contexts. For example, by adequately absorbing and
reflecting light, organisms can send visual signals, which may serve to attract
individuals from the same species or to keep potentially harmful species at bay.
The handling of infrared, visible, and ultraviolet radiation may also be critical to
optimize thermoregulation, enhance photosynthesis or aid in navigation. A number
of examples are described next that are especially relevant to develop new
materials with impact in the aesthetics of facades and building envelopes.

Structural color. Living organisms, from flowers and fruits to birds, fishes and
butterflies, display a diversity of colors that has long marveled people and artists,
who thrive to capture them in their works. In many cases, color is imparted by the
presence of pigments, i.e., molecules capable of selectively absorbing visible
wavelengths, inducing the perception of color. However, research on the micro-
structure of hair-like setae of polychaete worms (Parker et al. 2001), butterfly wing
scales (Kinoshita et al. 2002), beetle cuticle (Seago et al. 2009), bird feathers
(Stavenga et al. 2011) and fruit peals (Vignolini et al. 2012) has revealed that in
several situations bright and vivid colors have a structural component (Prum et al.
2006; Ingram and Parker 2008). This so-called structural color (Fig. 3.3) is gen-
erated as a result of the interaction of the micro- and nano-structure of scales,
feathers, cuticles, petals or fruit peels with the incident light (Vukusic and Sambles
2003; Eadie and Ghosh 2011). This effect is based on the principle that physical
features with a size comparable to the wavelength of incident light can interfere
with it via multilayer interference, diffraction or scattering mechanisms (Prum
et al. 2006).

Thus, structural color allows a precise control over the way light is reflected,
propagated or transmitted from a surface. This feature may present a significant
advantage in vital processes such as camouflage, long distance signaling and
thermoregulation (Vukusic 2006). Structural coloring is more brilliant and intense
than pigment-induced color, it may possess iridescence properties or only be
visible at certain angles, and is less prone to bleaching. These characteristics have
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attracted the interest of many researchers who have been striving to come up with
technologies capable of producing materials with structural color (Eadie and
Ghosh 2011; Li et al. 2012). So far, the principles behind the structural color
displayed by butterfly scales and peacock feathers has inspired the development of
color-shifting paints (ChromaFlair, JDSU) and fabrics (Diphorl, Kuraray Corpo-
ration and Morphotex, Teijin Fibers), anti-counterfeiting technologies (NOtES,
NanoTech Security), high efficiency solar collectors (Zhao et al. 2011), electronic
screens without environmental light interference (Mirasol, Qualcomm), radiant
light films (3 MTM Radiant Films, 3 M) for home décor and architectural glass,
among others.

Anti-reflection. The outstanding optical properties displayed by living organ-
isms do not end with their color techniques. The eyes of the elephant hawk-moth
(Deilephila elpenor) are coated with a regular pattern of conical nano protuber-
ances (200–300 nm height), which significantly minimize light reflection. This
ability improves night vision and is critical for moths to escape predators. The anti-
reflective properties of these structures is superior to any man-made cover and can
be replicated in anti-reflective films for electronic devices (Motheye and Marag,
MacDermid Autotype2) and solar panels (Yang et al. 2013) or to improve X-ray
imaging instruments (Pignalosa et al. 2012). The production of such films for
construction applications would enable architects to construct or retrofit buildings
with anti-reflective facades. This would be especially valuable in the case of metal-
and glass-clad skyscrapers implanted in densely populated areas that can poten-
tially create hazardous reflectivity issues for neighboring buildings and passing
traffic.

Bird-friendly glass. The latest architectural trends include an increase in the
incorporation of glass windows in buildings, to better harness sunlight, and
improve energy efficiency. Nonetheless, glass facades of city skyscrapers came
with a high cost to non-human inhabitants, namely bird populations. As it happens
with humans, birds are not capable of seeing glass, and thus often collide with

Fig. 3.3 Examples of structural colors displayed by a the wasp Hedychrum rutilans and b the
butterfly Morpho peleides. Image source Wikimedia commons, public domain

2 MacDermid Autotype, Wantage, UK.
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windows in buildings during flight, most of the times with fatal consequences.
Collision with glass is estimated to cause hundreds of millions of bird casualties
every year in the United States alone, adding up to the man-derived causes for the
decline of bird populations, from hummingbirds to falcons (Sheppard 2011).
Conventional strategies to prevent collisions are based on the imprinting of pat-
terns visible to birds on the glass. However, this strategy reduces the passage of
sunlight and may interfere with the building’s aesthetics. Searching for a better
solution, the European manufacturer Arnold Glas designed and produced Ornilux,3

a bird-friendly glass with a UV-reflective cover invisible to human eye. This
solution was inspired by spider signaling through web decorations. In order to
prevent their webs from being damaged by flying birds, spiders include special silk
structures in their pattern that reflect UV light (Bruce et al. 2005). This reflex
allows birds to locate and avoid a spider’s web without warning their prey. The
coating of glass with a similar pattern of UV reflectors has been claimed to reduce
bird collisions by 76 % (Ornilux 2014).

3.3.3 Superhydrophobicity and Self-Cleaning Properties

The external and internal surfaces of buildings are recurrently exposed to liquid,
gaseous, and solid water, whether as a result of rain hitting facades, water vapor
condensing in the ceramic tiles of bathrooms or snow crystals falling down on
roofs. The creation of new materials capable of handling water under these dif-
ferent circumstances in a more efficient way can be foreseen as a way of improving
durability, comfort, and performance of a vast array of surfaces (e.g., tiles, floors,
roofs, walls, etc.) found in buildings. Nature is a source of inspiration in this
regards, since strategies to manage water at surfaces and control wettability are
widely found across organisms due to their relevance in the context of properties
like self-cleaning, drag reduction, adhesion, water capture, condensation and
evaporation kinetics or biofilm formation (Koch and Barthlott 2009).

Self-cleaning. In some cases, the accumulation of water layers over the surface
of living organisms is detrimental to vital processes. This is especially critical for
plants, since the deposition of water over their leaves may impede gas exchange,
hinder respiration and interfere with thermoregulation. Moreover, water films and
droplets can partially block the sunlight that is essential for photosynthesis and
allow potentially pathogenic microorganisms to proliferate (Koch and Barthlott
2009). Thus, some plants have engineered ways to render their surfaces hydro-
phobic. On hydrophobic surfaces, the energy necessary for liquids to spread is
larger than the cohesive energy between the liquid molecules. As an outcome, the
contact angle, i.e., the angle between the surface and the liquid–air interface, is
high (above 150� for superhydrophobic surfaces) inducing the formation of drops

3 ORNILUX Bird Protection Glass. Accessed on the 14th March 2014, http://www.ornilux.com/.

3 General Aspects of Biomimetic Materials 67

http://www.ornilux.com/


instead of a film. Most of the times, superhydrophobicity is coupled with a low
tilting angle (i.e., the angle at which a surface has to be tilted in order for the drop
to slide), so that drops easily roll off from the surface. The strategies used to
achieve hydrophobicity span from hydrophobic waxes (e.g., grapes, Koch and
Ensikat 2008), air-retaining microstructures (e.g., Salvinia fern, Barthlott et al.
2010) and high hair density (e.g., Alchemilla monticola, Otten and Herminghaus
2004), to hierarchical topographies (e.g., lotus, Bhushan et al. 2009).

One of the best known examples of the impact of hierarchical topography on
hydrophobicity is given by the lotus (Nelumbo nucifera), a plant whose leaves
have one of the highest known contact angles (164�). This very low wettability of
the lotus results from a combination of a regular pattern of micropapilae (convex
structures *20 lm) with superimposed wax crystals, (Bhushan and Jung 2011).
Other combinations of micro and nano-patterns with impact on surface wettability
have been observed in organisms like butterflies (Yan et al. 2007), english weeds
(Pereira et al. unpublished results, Fig. 3.4), rice leaves (Feng et al. 2002), and rose
petals (Feng et al. 2008).

Fig. 3.4 Scanning electron microscope image of epoxy replicas of a the underside of the English
weed leaf (scale bar = 200 lm), b the petals of the flowers of English weed (scale bar = 40 lm),
c the petals of a Cape Daisy (scale bar = 60 lm) and d the petals of a rose (scale bar = 40 lm).
(Pereira et al. unpublished)
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The low wetting is explained by the Cassie-Baxter principle, which predicts the
formation of air bubbles between the microstructures, avoiding the spread of the
liquid. In addition to superhydrophobicity, these hierarchical architectures
decrease the contact area between the surface and any particles settled over it.
Therefore, water drops rolling off the surface carry sediments away, providing the
leaves with self-cleaning ability.

The superhydrophobicity and self-cleaning properties conferred by microto-
pographic patterns have been explored by the construction industry in the form of
self-cleaning paints (e.g., StoCoat� Lotusan�4) or clay roof tiles (Erlus Lotus�5)
designed to reduce building maintenance. By mimicking the microstructure of
lotus leaves, these materials display a high level of water and dirt-repellency, a
pronounced self-cleaning effect and a high resistance to soiling and growth of
mold, mildew, and algae. As a result, water (e.g., from rain) and dirt flow off
immediately and facades and roofs remains dry and attractive. The textile industry
has also been allured by the lotus effect and as a result a number of impervi-
ous, stain-free fabrics have been launched in the market (e.g., Greenshield�6,
Nanosphere�,7 and Mincor8) which could be used for example in sunshades,
awnings, or overhangs.

Anti-fogging. On cold days, with high humidity weather, driving can become a
very dangerous and unpleasant activity due to the condensation of water over the
windshield and mirrors of one’s car. Likewise, condensation of water over tiles
and walls in bathrooms after a warm bath contributes to the development of
microbial growth. Superhydrophobic surfaces inspired by plants like the lotus
cannot be used as anti-fogging since very small drops can get trapped between the
underlying microstructures (Cheng and Rodak 2005). Moreover, such structures
interfere with light, reducing the visibility. Inspiration to solve these problems came
from insect eyes (e.g., mosquito, moth, flies), which are maintained clean and dry,
even in moisture rich environments. The hexagonal structures that form the mos-
quito eyes (ommatidia) are covered with a pattern of smaller (*100 nm) hexagonal
features evenly spaced (*47 nm), which effectively prevent condensation, at
normal conditions (Fig. 3.5; Gao et al. 2007). Using mosquito eyes as an inspiration
and resorting to soft lithography, researchers created a superhydrophobic com-
pound eye-like microstructure consisting of arrays of micro-hemispheres covered
with nipple-like SiO2 nanospheres surface with a contact angle of 155� (Gao et al.
2007). The expectation is that further developments will lead to the development of
multifunctional coatings with antifogging and easy-cleaning properties tuned
to match the requirements of applications in the realm of civil engineering (Gao
et al. 2007).

4 Sto Corp., Atlanta, Georgia.
5 Erlus AG, Neufharn, Germany.
6 BigSky Technologies LLC
7 Schoeller Textile AG, Sevelen, Switzerland.
8 BASF AG, Germany.
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Fog-collection. More than 450 million people currently live under water
scarcity in arid regions and two-thirds of the world population are expected to live
in water stressed areas by 2025 as a result of the exponential demographic growth
and the ever increasing rate of water exploitation (Diop and Rekacewicz 2008).
Although an inconvenience to drivers, fog is a valuable resource that could be
tapped to alleviate this problem. For example, in arid regions of coastal Africa
(Shanyengana et al. 2002) and in the coastline of the Atacama desert in Chile
(Cereceda et al. 2008) oceanic fog represents an inexpensive water source, most of
the times more reliable than precipitation or surface water. The integration of fog
collection materials, technologies and structures into buildings, urban environ-
ments and agricultural landscapes could potentially provide fresh water for human
consumption in poor dry countries, provide water to the top of skyscrapers without
pumping, and reduce the exploitation of groundwater for farming purposes. A
wide variety of species, ranging from cactuses to ferns and insects can be found in
arid regions which rely on elaborate fog-collecting strategies that are worth
mimicking in this context. For example, the Namibian desert beetles (from the
genus Stenocara) use a strategy to collect water from the morning fog, which
enables them to survive under the harsh weather conditions characteristic of their
habitat. The water-collecting mechanism used by the Namibian beetle relies on the
bumpy surface of its wings, which combine hydrophilic regions that induce coa-
lescence of water drops, with hydrophobic wax-covered paths that transport water
to the insect’s mouth (Parker and Lawrence 2001). Several researchers have
directed their efforts towards the development of fog-catching surfaces inspired in
the topography of the wings of Stenocara beetles (Zhai et al. 2006; Garrod et al.
2007; Dorrer and Rühe 2008; Thickett et al. 2011). The mechanisms behind the
fog-harvesting ability of cactuses spines (Ju et al. 2012; Cao et al. 2014) and spider
silk (Zheng et al. 2010) have also be studied in detail, constituting excellent
biomimetic models for the development of water collection strategies.

100 µm 

Fig. 3.5 Scanning electron
microscope image of the eye
on a leaf miner moth. Image
source Louisa Howard,
Dartmouth college, Electron
Microscopy Facility, public
domain
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Anti-icing. Icing is another climatic event capable of affecting vital infra-
structures of modern society. Ice may block roads, take down power cables, cause
the rupture of pipelines and promote pedestrian slip events. The aeronautics
industry has invested considerable resources on this problem, since the accumu-
lation of ice over the fuselage of aircrafts increases its weight, unbalances the flight
and increases drag, consequently reducing fuel efficiency and raising safety con-
cerns (Bahadur et al. 2011). The ice formed when supercooled suspended drops
aggregate on airplane surfaces has been appointed as culprit on many plane crashes
over the years. Conventional solutions to create anti-icing surfaces are not sus-
tainable or reliable. On one hand, such surfaces depend on an energy intensive
heating system, while on the other, they depend on anti-cryogenic chemicals, such
as glycerol, which are toxic and require permanent replenishment. Researchers
have looked up to nature for inspiration and were rewarded with two potential
ideas. For example, superhydrophobic surfaces have been created using topo-
graphic features inspired on the defogging mosquito eyes, which also prevent ice
crystals nucleation, and on the water repellent hairs of buoyant insects (from order
Hemiptera). Assays on the behavior of droplets impacting on these surfaces at
supercooled conditions revealed that they can avoid ice formation down to -25 �C
(Mishchenko et al. 2010). The second strategy uses slippery liquid-infused porous
surfaces (SLIPS) inspired in carnivorous plants from the Nepenthes genus that
lower the nucleation temperature of supercooled water (Wilson et al. 2012). These
plants attract insects to their pitcher cups, hampering their escape as a result of the
slippery inner surface (Kim et al. 2012). The pitfall traps have a porous lining
permeated with an aqueous solution, which is incompatible with the oils sheathing
the insect’s feet. The SLIPS systems consist of a microporous scaffold infused with
a lubricating fluid with which the liquid to repel (in this case water) is immiscible
(Wilson et al. 2012). In nature, a structure is often multifunctional, and SLIPS
are no exception. Besides preventing ice formation, they are self-cleaning, anti-
corrosive, and anti-biofouling (i.e., they prevent the adhesion of organisms).

3.3.4 Anti-biocolonization Properties

The biological colonization of walls, tiles, flooring, and other building surfaces
(external and internal) by organisms like algae, bacteria and fungi can cause direct
and indirect damage (e.g., blackening, greening, fissuration) to materials and
elements of construction (Macedo et al. 2009), even if some species (e.g., lichens,
mosses) can enhance the appearance and character of buildings and structural
monuments. Such biological and microbiological growths are usually dependent
on both the bioreceptivity of the underlying materials and on the environmental
conditions (e.g., humidity, temperature, solar exposure). While this type of
material decay and soiling can be partially alleviated by resorting to a planned
preventive maintenance, the development of anti-biocolonization materials could
constitute a valuable alternative to the construction industry.
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The attachment of microorganisms to surfaces also presents a major concern in
public health control. With the recent outbreaks of flu epidemics and the persistent
incidence of hospital-acquired infections, the potential of the inanimate environ-
ment (door and stair handles, hospital surfaces, public transports, etc.) for
spreading diseases has been seriously discussed (Page et al. 2009). In hospital
facilities, for example, there is a confluence of multiple pathogenic organisms,
often drug-resistant or contagious strains, which are easily transported in, as well
as out, unless effective anti-microbial measures are taken. Again, the availability
of anti-microbial surfaces could offer architects and engineers a valuable option to
minimize microbial spreading in buildings like hospitals, day-care centers and
food-preparation facilities (Hasan et al. 2013; Page et al. 2009). A successful
example of a bio-inspired anti-biocolonization surface is described next.

Shark-skin. The search for materials to which organisms struggle to adhere was
primarily motivated by the naval industry. From barnacles, mussels, tubeworms
and algae to microalgae, fungi and bacteria, all sorts of marine organisms get
attached to the hull of ships (Chapman et al. 2013). As a consequence, the
hydrodynamic drag increases, fuel consumption soars, the ship’s framework cor-
rodes faster and regular maintenance is required to remove the biological layer
(i.e., biofouling) and replenish the cover (Schultz et al. 2011). One of the most
interesting developments in the search for new, long-lasting, nontoxic alternatives
to minimize fouling came out from the realization that dermal denticles that cover
the skin of sharks had an unprecedented capacity to prevent microorganisms from
settling. Further studies attributed this capacity to the distinct pattern of tiny
riblets, arranged in diamond shape, on the shark’s denticles (Chung et al. 2007).
When microorganisms settle on a surface, they signal other individuals of the same
species to induce the formation of biofilms, which help the colonization besides
avoiding detachment. Over the shark skin though, the signalling and biofilm
establishment is inhibited by the topography (Chung et al. 2007). This discovery
led to the development of SharkletTM, ‘‘the only nontoxic, biocide-free and no-kill
surface pattern used to inhibit bacterial attachment, survival and touch transfer-
ence’’ (Sharklet 2011). In SharkletTM textured films, the characteristic topography
of shark’s dermal denticles was re-interpreted, simplified and optimized, origi-
nating a diamond pattern of ribbons which is easy to produce at large-scale. As a
result, in surfaces covered with SharkletTM films the settlement of green algae is
reduced by 85 % and bacterial attachment by more than 76 % (Sharklet 2011).
The films are currently marketed as being ideal to cover frequently touched bac-
teria-prone surfaces in healthcare buildings or in other facilities where bacterial
absence is desired.

Other natural examples of anti-biocolonization surfaces are the skin of pilot
whale (Globicephala melas), which secretes an enzymatic gel that breaks down the
components of natural glues (Baum et al. 2003), the eggs of the white dogwhelk
sea snail (Dicathais orbita), which combine a micro-roughness with oily secretions
(Lim et al. 2007) and the wings of cicadas (Psaltoda claripennis), which display a
set of pillars with diameters around 100 nm that mechanically disrupts bacterial
cells (Ivanova et al. 2012).
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3.3.5 Adhesive Properties

The use of adhesives, i.e., materials that can join surfaces (similar or dissimilar)
together is widely spread across the construction industry, both in structural and
nonstructural situations. Adhesives are used for example to join and attach internal
building panels and elements, to attach brick slips, ceramic tiles, and flooring or to
produce plywood. A large proportion of these adhesives are based on organic
solvents and polymeric resins like polyesters, polyurethanes, and acrylics.
Replacing these petroleum-based materials for more benign, water-based adhesives
would definitely contribute to environmental sustainability. Nature offers a vast
array of solutions to promote adhesion that are worth exploring in this context, as
described next with a few examples.

Marine-inspired adhesives. Marine organisms like the sandcastle worm
(Phragmatopoma californica, Shao et al. 2008), limpets (Diodora aspera, Ellem
et al. 2002), sea cucumbers (Holothuroidea, Flammang et al. 2009), barnacles
(Megabalanus spp., Knight 2009), mussels (Mytilus edulis, Lee et al. 2006, 2007),
and sea urchins (Santos and Flammang 2012) secrete protein-based glues unri-
valled by any man-made adhesive. Moreover, unlike common adhesives, they
resist humidity and are produced using water-based chemistry. For example,
mussels secrete a cocktail of proteins rich in lysine and 3,4-dihydroxyphenylala-
nine (DOPA) amino acids, which solidify at the pH of sea water (around 8.2)
(Flammang et al. 2009). DOPA residues are able to establish strong coordinate
bounds with metal ions of inorganic substrate and covalent bounds with the
molecules of organic substrates (Lee et al. 2006). This versatility provides out-
standing permanent adhesion for defying the power of ocean waves.

If technically and economically feasible, the substitution of traditional glues
like the ones based on the recognized carcinogen formaldehyde by water-based
and water-resistant glues formulated with DOPA mimetic molecules could revo-
lutionize the adhesive market. Excellent results have already been obtained by
manipulating the abundant and inexpensive soy proteins to resemble marine
adhesive cocktails. The plywood manufacturer Columbia Forest Products9 reduced
the use of carcinogenic components and the emission of hazardous air pollutants
by successfully introducing these soy-based, formaldehyde-free adhesives in the
manufacturing of hardwood plywood (PureBond� technology10).

Velcro. One of the most famous biomimetic products, Velcro, was conceived
back in 1948 by George de Mestral following the observation that the seeds of the
burdock plant (Arctium lappa) relied on hook-like structures to stick to clothes or
animal fur as a strategy for dispersion (Bhushan 2009). Mestral ultimately patented
a process for producing the well-known fabric fastener and named it Velcro. Since
then, the production of Velcro has grown, its applications ranging from textiles,

9 Columbia Forest Products, Greensboro, North Carolina.
10 PureBond Technology. Ask Nature, Biomimicry 3.8. Accessed on the 20th March 2014,
http://www.asknature.org/product/22aa5601fcdb68b5d2dc9e3d3a22f7f1.

3 General Aspects of Biomimetic Materials 73

http://www.asknature.org/product/22aa5601fcdb68b5d2dc9e3d3a22f7f1


agriculture and transportation to industry, healthcare, and space exploration (Eadie
and Ghosh 2011).

Gecko. Gecko lizards are specialists on temporary adhesion. As a result of the
branching of feet hairs in multiple setae, which in turn gives raise to multiple
spatulae, there is a strong adhesion to a variety of dry surfaces (Greiner 2010). The
contact splitting in billions of nano hair-like structures provides a high number of
van der Waals interaction points between the feet and the surface, allowing the
gecko to walk on glass or even on ceilings (Bhushan 2012). Since the adhesion
does not rely on chemical components, but rather on a physical effect, Gecko feet
can attach and detach from a surface numerous times without loosing the adhesive
effect. Detachment is possible because, although as a bulk the billions of setae on
the gecko feet provide a strong interaction with the substrate (*10 N/cm2),
individually the adhesive force is easy to overcome (*10 nN per spatula) (Geim,
et al. 2003; Huber et al. 2005). The same strategy is used by several insects, with a
smaller mass to contact area ratio though. Replicating the array of nano-hairs in the
gecko feet, a glue free adhesive tape (TacTilesTM) was created by the carpet
manufacturer Interface.11 While originally developed for the installation of carpets
without glue, applications are wider. The environmental impact associated to the
use of TacTilesTM is 90 % lower when compared with regular carpet glue, since no
toxic chemicals are used and no volatile organic compounds are released.12 As a
way of overcoming the limited adhesion of gecko-inspired tape in wet surfaces,
researchers covered a nanostructured polymeric material with a synthetic DOPA
mimic (Lee et al. 2007). The adhesive, patented under the name Geckel, presents a
wet adhesion 15 times stronger than the nanostructured polymer alone and is able
to maintain the adhesion over 100 cycles.

3.4 Conclusions

The array of materials produced by living organisms is incredible, considering the
reduced number of constituents used. Moreover, the fact that all biomaterials are
produced at mild-conditions using highly specific interactions that take place in
aqueous solutions is impressive. As a contrast, humankind resorts to thousands of
different compounds to create the essential products used every day. In addition,
those products generally require extreme temperatures or pH and incorporate
organic solvents or toxic compounds. Our impact on the planet is widely
exceeding its capacity. Despite all this, Nature’s materials still hold properties
unraveled by human cutting-edge technology. By studying and understanding the
principles behind the way materials are produced in Nature, we may innovate in

11 InterfaceFloor, LaGrange, Georgia.
12 InterfaceFlor, Learning from Nature. Accessed on the 20th March 2014, http://issuu.com/
interfaceflor/docs/biomimetic_brochure_can.
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the field of materials sciences. These new bioinspired materials could find wide
application in civil engineering, increasing the comfort, resilience and function-
ality of buildings and infrastructures, and setting them in tune with the local
environment.
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Chapter 4
Can Biomimicry Be a Useful Tool
for Design for Climate Change Adaptation
and Mitigation?

Maibritt Pedersen Zari

Abstract As professionals of the built environment need to solve more urgent and
difficult problems related to mitigating and adapting to climate change, it may be
useful to examine examples of how the same problems have been solved by other
living organisms or ecosystems. Looking to plants or animals that are highly
adaptable or ones that survive in extreme climates or through climatic changes
may provide insights into how buildings could or should function. Examining the
qualities of ecosystems that enable them to be adaptable and resilient may also
offer potential avenues to follow. This chapter examines whether biomimicry,
where organisms or ecosystems are mimicked in human design, can be an effective
means to either mitigate the causes of climate change the built environment is
responsible for, or to adapt to the impacts of climate change. Different biomimetic
approaches to design are discussed and categorised, and a series of case study
examples illustrate the benefits and drawbacks of each approach. In light of the
conclusions reached during the course of the research, it is argued that design that
mimics ecosystems and utilises synergies between mitigation and adaptation
strategies in relation to climate change could be a beneficial long-term biomimetic
built environment response to climate change. The foundations of the theory to
support this are also presented.

4.1 Introduction: Climate Change and the Built
Environment

Changes to the climate, and therefore related impacts on the built environment are
expected to increase in intensity in the future, suggesting that re-evaluation of
the built environment and rapid expansion of policies and actions to mitigate
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greenhouse gas (GHG) emissions are urgently required (IPCC 2007a). The built
environment is responsible for approximately a third of global anthropogenic GHG
emissions, leading to climate change (de Ia Rue du Can and Price 2008). Despite
international climate change protocols and initiatives, global GHG emissions are
still increasing. Building sector carbon emissions including those from energy
generation used to power buildings have increased annually by 2 % since 1970 for
example, while emissions from commercial buildings have increased by 3 %
annually since 2002 (IPCC 2007a).

The built environment will also have to adapt to climate change impacts, as the
main site of human economic, social and cultural life. More than half of all
humans now live in urban built environments, and people spend more than 70 %
of their time indoors (Chan and Cheng 2006; Grimm et al. 2008). Even if all GHG
emissions were immediately halted, the climatic change caused by past emissions
would still be experienced due to the slow response of the planet’s atmosphere,
oceans and other carbon sinks (IPCC 2007b). It is important therefore that built
environment professionals are not only able to work towards mitigating the causes
of climate change, but are also able to devise strategies to adapt to the impacts
concurrently.

It is appropriate then that established responses to climate change in the built
environment broadly fall into two categories. The first is mitigating the causes of
climate change by reducing GHG emissions. The second is adapting the existing
and future built environment to predicted climate change impacts. Changes in the
climate that will affect the built environment are numerous and although difficult
to quantify, have been explored by several researchers (Koeppel and Ürge-Vorsatz
2007; Wilby 2007). The impacts that climate change will have on the built
environment are both direct and indirect. Direct impacts will affect the actual
physical fabric of the built environment. Indirect impacts incorporate economic
and social changes that will also affect the built environment. The results of a
review of international research examining the main direct impacts of climate
change on the built environment have been summarised in Table 4.1 (see:
Pedersen Zari 2012 for methodology, full results and sources). Impacts will vary
greatly depending on the location and local quality and density of the existing built
environment.

4.2 Biomimicry and Climate Change

By looking to the living world, there may be organisms or systems that can be
mimicked to create and maintain a resilient and adaptable built environment, and
improve its capacity for regeneration of the health of ecosystems (Pedersen Zari
and Storey 2007). Biomimicry is the emulation of strategies seen in the living
world as a basis for design and is a source of innovation, with potential to con-
tribute to the creation of more sustainable architecture. It is the mimicry of an
organism, organism behaviour or an entire ecosystem, in terms of its form,
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Table 4.1 Direct climate change impacts on the built environment

Potential direct climate change
impacts

Consequences for the built
environment

Possible scale
of the negative
impact

Changes in temperatures (Likely to
increase in most areas)

Increased overheating and air
conditioning load

High

Intensified urban heat island effect High

Decreased winter space heating Low
(potentially
positive)

Decreased water heating energy Low
(potentially
positive)

Increased intense weather events Damage to buildings and
infrastructure

High

Changes in precipitation patterns Increased inland flooding High

Increased erosion, landslips, rock
falls

High

Changes in aquifers and urban
water supply and quality

High

Heavier snow or ice loads Medium

Increased fire risk associated with
more frequent droughts

Medium

Damage to foundations,
underground pipes /cables, etc.

Medium

Increased subsidence (clay soils) Medium

Increased pressure on urban
drainage systems

Medium

Increased storm water run-off and
leaching of pollutants into water
ways or aquifers

Low

Damage to facades and internal
structure due to rain penetration

Low

Thermal expansion of oceans and
changes in the cryosphere (ice
systems) such as retreating snow lines
and ice packs, and melting glaciers

Increased coastal flooding High

Increased erosion and loss of land High

Relocation or displacement from
coastal areas

High

Changes in water tables and
possible increased salinity of
aquifers and estuaries

High

Loss of inter tidal areas acting as
buffer zones

High

Impeded drainage Medium

Changes in wind patterns and
intensities

Changes in wind loading on
buildings

Medium

(continued)
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material, construction method, process strategies or function (Table 4.2). Mim-
icking living organisms or ecosystems involves a process of translation into
suitable solutions for the human context. This process of translation often results in
designs that are not immediately similar to the organism or ecosystem that inspired
them, but utilise the same functional concepts. It is important to acknowledge that
not all solutions arrived at through evolutionary processes found in organisms will
be perfect, or suitable for a human context, or result in better ecological perfor-
mance outcomes. Several noteworthy contemporary examples of biomimetic
architecture or technologies that can assist the built environment in adapting to
climate change are examined in the following sections. Additional historic
examples are detailed by Vincent et al. (2006), Vogel (1998), Benyus (1997).

4.3 Biomimicry for Mitigating GHG Emissions
from the Built Environment

Several contemporary examples of biomimetic architecture or technologies that
can assist the built environment in climate change issues will be examined to
ascertain whether biomimicry can be used to address climate change, and if so in
what way. Common mitigation strategies in a built environment context include:

1. Increasing the density and limiting sprawl of urban form to reduce building
energy use and emissions from vehicles1;

Table 4.1 (continued)

Potential direct climate change
impacts

Consequences for the built
environment

Possible scale
of the negative
impact

Increased air pollution Impacts on interior air quality
management

Medium

Damage to building facades Low

Impacts on urban biodiversity Changes in cooling, shading and
evapotranspiration benefits from
urban biodiversity

Medium

Changes to storm water
management

Low

1 Although this is a common mitigation strategy in the context of the built environment
(Reisinger et al. 2011) it is not necessarily advocated as a suitable solution in all contexts. There
is growing evidence that increasing the density of cities may not actually contribute to mitigating
the causes of climate change and that it negatively affects several other environmental
performance aspects of cities, such as flood risk, storm water issues, habitat provision, building
energy efficiency, and energy generation potentials (see: Pedersen Zari 2012, Sect. 1.3.2.1).
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2. Creating or maintaining urban forest and green space;
3. Design for energy conservation;
4. Provision of renewable energy sources; and
5. Carbon storage or sequestration.

The first two strategies relate to urban planning and represent long-term climate
change adaptation strategies. This section therefore will deal with the latter three,
and most common (Steemers 2003), categories. The first category examined in this
chapter is biomimetic examples that mimic the energy efficiency or effectiveness
of living organisms and systems. The impetus is that by being more energy effi-
cient, less fossil fuel is burnt and therefore fewer GHGs are emitted. The second
approach is to devise new ways of producing energy to reduce human dependence
on fossil fuels and their associated GHGs. Various biomimetic technologies and
products have been developed for the purposes of improving energy efficiency and
exploring new energy generation possibilities. A third biomimetic approach to
mitigating GHG emissions is investigating organisms or ecosystems for examples
of processes within them that can sequester and store carbon. This is to prevent
emission of GHGs through human activities causing additional climate change.
Brief case studies are presented in the following sections.

4.3.1 Biomimicry for Energy Efficiency

There are numerous examples of living organisms and systems that are highly
energy effective and that may yield an understanding of how humans could carry
out their activities without a dependence on fossil fuels (Allen 2010, p. 169,
Pawlyn, pp. 91–101). Some well-known examples of biomimicry fit into this
category, such as DaimlerChrysler’s prototype Bionic car2 (2005) (Fig. 4.1) and
Mick Pearce’s Eastgate building in Harare, Zimbabwe (1996) (Fig. 4.2).

The large volume, small wheel base concept Bionic Car, was based on the
hydrodynamic and strength characteristics of the boxfish (Ostracion meleagris).
This resulted in the design of a more fuel efficient car with the low drag coefficient
of 0.19, and panels with 40 % more rigidity than a standard car (Anon 2005). The
chassis and structure of the car were also biomimetic, having been designed using
a computer modelling method designed by Claus Mattheck that mimics how trees
are able to grow in a way that minimises stress concentrations (Pawlyn 2011, p. 21,
Mattheck 1998, Mattheck et al. 1996). The resulting car structure looks almost
skeletal (Fig. 4.1). Total car weight was reduced by at least a third because
material was allocated only to the places where it is most needed (Vincent et al.
2006). This process was abandoned because according to the car manufacturers it
was too time intensive (Vincent 2010).

2 The Bionic Car is also referred to as the ‘Mercedes Bionic Car’ (Pawlyn 2011, p. 5). Mercedes
Benz is part of the DaimlerChrysler group.
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Table 4.2 Different kinds of biomimicry (adapted from Pedersen Zari 2007)

Level of biomimicry Example—A building that mimics
termites:

Organism level (mimicry of a
specific organism)

Form The building looks like a termite

Material The building is made from the same
material as a termite; a material that
mimics termite exoskeleton /skin for
example

Construction The building is made in the same way
as a termite; it goes through various
growth cycles for example

Process The building works in the same way as
an individual termite; it produces
hydrogen efficiently through
metagenomics for example

Function The building functions like a termite in
a larger context; it recycles cellulose
waste and creates soil for example

Behaviour level (mimicry of how an
organism behaves or relates to its
larger context)

Form The building looks like it was made by
a termite; a replica of a termite mound
for example

Material The building is made from the same
materials that a termite builds with;
using digested fine soil as the primary
material for example

Construction The building is made in the same way
that a termite would build; piling earth
in certain places at certain times for
example

Process The building works in the same way as
a termite mound would; by careful
orientation, shape, materials selection
and natural ventilation for example, or
it mimics how termites work together

Function The building functions in the same way
that it would if made by termites;
internal conditions are regulated to be
optimal and thermally stable for
example (Fig. 4.6). It may also function
in the same way that a termite mound
does in a larger context

Ecosystem level (Mimicry of an
ecosystem)

Form The building looks like an ecosystem (a
termite would live in)

Material The building is made from the same
kind of materials that an ( termite)
ecosystem is made of; it uses naturally
occurring common compounds, and
water as the primary chemical medium
for example

(continued)
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When biological analogues are matched with human identified design prob-
lems, the fundamental approach to solving a given problem omits examining the
issue of how buildings relate to each other and the ecosystems they are within. The
underlying causes of a non-sustainable built environment are not necessarily
addressed when mechanisms and structures found in biology are incorporated into
an existing inherently unsustainable engineering or architecture paradigm (Vincent
2010). This is typical of most current attempts at architectural or engineering
biomimicry3 (Vincent 2010) and could be a reason for the lack of measurable
improved sustainability outcomes attributable to biomimicry either architecturally
or generally.

The Bionic Car (Fig. 4.1) again illustrates the point. Compared to a standard
non-biomimetic car, it is efficient in terms of fuel use because the body is more
aerodynamic due to the mimicking of the box fish. It is also more materially
efficient through mimicking tree growth patterns to identify the minimum amount
of material needed in the structure of the car. The car itself, however, is not a new
approach to transport. Instead, small improvements have been made to existing
technology without a re-examination of the idea of the car as an answer to personal
transport. It is also no more fuel or materials efficient than ultra-efficient cars
designed without employing biomimicry. Because the impression is given that it
looks fish-like, it is somehow more sustainable; the car has been criticised for
being an example of biomimicry green-wash (Gebeshuber et al. 2009).

Table 4.2 (continued)

Level of biomimicry Example—A building that mimics
termites:

The building is assembled in the same
way as an (termite) ecosystem;
principles of succession and increasing
complexity over time are used for
example

Process The building works in the same way as
an (termite) ecosystem; it captures and
converts energy from the sun, and
stores water for example

Function The building is able to function in the
same way that an (termite) ecosystem
would and forms part of a complex
system by utilising the relationships
between processes; it is able to
participate in the hydrological, carbon,
nitrogen cycles, etc. in a similar way to
an ecosystem for example

3 For examples of this see Pawlyn (2011).
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A related issue with this kind of biomimicry is that designers are able to research
potential biomimetic solutions without an in-depth scientific understanding or col-
laboration with a biologist or ecologist. With a limited scientific understanding,
translation of such biological knowledge to a human design setting has the potential
to remain at a shallow level. It is in some cases easy to mimic forms and certain
mechanical aspects of organisms but difficult to mimic other aspects, such as
chemical processes, without scientific collaboration (Bensaude-Vincent et al. 2002).

An architectural example of this is Mick Pearce’s Eastgate building. This is
perhaps the most often cited example of architectural biomimicry (see for exam-
ple: Koelman 2004; Zhao and Xu 2010; Pronk et al. 2008). Eastgate was designed
to have a relatively thermally stable interior environment with minimal mechanical
cooling. This resulted in reductions in energy use of between 17 and 52 % com-
pared to similar buildings in Harare (Baird 2001; Smith 1997), and therefore also
reduced GHG emissions. Pearce based the design in part on principles of induced
flow and the use of thermal capacity to regulate temperature observed in termite
(Macrotermes michaelseni) mounds of southern Africa, although the correctness of
the science has been disputed (Turner and Soar 2008). The temperature regulation
in the mounds is achieved through careful orientation, spatial organisation and
techniques of passive ventilation. It is not therefore the termite that is mimicked,
but the results of its mound building behaviour. Biomimicry at the behaviour level
is much less common than biomimicry at the organism level.

In-depth scientific analysis since Eastgate was designed has revealed that ter-
mite mounds interact with the environment in a much more sophisticated way to

Fig. 4.1 Daimlercrysler’s bionic car inspired by the boxfish and tree growth patterns (car photo
by R. Somma. Boxfish insert photo by R. Ling)
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regulate temperature than was previously thought. This has led to suggestions that a
new generation of ‘living’ biomimetic buildings could utilise a more accurate
understanding of the termite mound as a multi-purpose extension of termite
physiology more analogous to the function of lungs (Turner and Soar 2008).
Although Eastgate could be considered to be a successful building in terms of
energy efficiency and GHG emissions reduction, it is an example of how architects
and designers are able to use a metaphor of how organisms work without a full
understanding of the science behind the mechanism. This demonstrates the
importance of working with ecologists and biologists to avoid ‘bio-mythologically-
inspired’ design (Pawlyn 2011, p. 78).

An example of a building which attempts to take advantage of this new under-
standing of termite mounds (but perhaps does not fully exploit it) is the 2006 Davis
Alpine House by Wilkinson Eyre, Dewhurst MacFarlane and Atelier Ten located in
Kew Gardens, London, England (Fig. 4.3). The building was designed to avoid
energy intensive refrigeration typically needed for the display of alpine plants, and
instead uses a stack effect to cool the interior passively, while essentially remaining a
glass house with high rates of air circulation (Pawlyn 2011, pp. 87–88). A removable
shading sail is included in the design to prevent too much sunlight reaching the
plants. The stack effect is enhanced through the high internal space created by
the double arches, sequential apex venting as temperature increases, by vents at the
bottom of the glass structure, and through a Barossa termite inspired decoupled
thermal mass labyrinth below the building. The concrete block labyrinth is set
between a double concrete slab that also acts to resist the forces exerted by the

Fig. 4.2 Eastgate building in Harare, Zimbabwe (Photo By: G. Bembridge) and termite mound
in Africa (Photo By: D. Siu)
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tension rods that support the glass ceiling (Bellew 2006). The air that is cooled
within the labyrinth is recirculated so it cools the low level plants. The labyrinth is
vented at night to take advantage of cooler temperatures. The mass remains at a
temperature usually cooler than that required for the space itself.

The system is arranged so that a small fan can drive the air through the labyrinth tunnels
and expel it outside at night, so that the structure is cool in the morning. As the building
starts to heat up the outdoor air is directed straight into the glasshouse, via vertical pipes
that terminate with directional outlets within the plant beds. As the outdoor temperature
continues to rise above 18 �C the air is diverted through the labyrinth where it is cooled
before passing through the same pipes to cool the plants. This is cooling without refrig-
eration (Bellew 2006).

This form of cooling allows more effective control, and in the way termites
open and close vents within mounds to regulate temperature, the ‘coolth’ can be
drawn upon or rejected. The economic payback period calculated for the labyrinth
cooling system was 9 years (Pawlyn 2011, p. 88).

A similar system has been installed by Atelier Ten in the atrium-like Federation
Square space in Melbourne, Australia (Fig. 4.4). Mechanical cooling was eliminated
and the energy needed to power the system’s fan is only 10 % of a conventional
overhead cooling system. If the atrium is at a comfortable temperature excess
‘coolth’ is diverted to adjoining museum galleries (Bellew 2006).

Though both the Bionic car and Eastgate make contributions to energy effi-
ciency it is doubtful that they are more energy efficient than comparable

Fig. 4.3 Davis alpine house, London, England (photo by P. Galletly)
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counterparts with similar energy efficiency results achieved without the use
of biomimicry. This is also the case with the 2006 Council House 2 (CH2) in
Melbourne with which Pearce was also involved (Fig. 4.5).

In CH2 100,000 L of water is extracted and cleaned from the sewers beneath
the building and used to condition the air. This is reminiscent of how certain
termite species use the proximity of aquifer water as an evaporative cooling
mechanism. African Barossa termites make tunnels tens of metres deep to reach
the water table, so that its cooling effect can be used in extreme heat to keep the
mound within a 1� temperature fluctuation range. In CH2 some of the cleaned
water is passed through shower towers on the outside of the building. This cools
the water, particularly at night. The water passing through the shower towers also
cools surrounding air which is then used to ventilate the commercial premises on
the ground floor. The water continues to the basement where it passes through a
system that stores the ‘coolth’ by using phase change materials. The water is then
used in a closed loop in chilled beams that provide cooling to the building interior.
In combination with the effects of additional sustainability features,4 CH2 is
estimated to use 85 % less energy, reduce GHG emissions by 87 % and use 70 %

Fig. 4.4 Federation square, Melbourne, Australia (photo by: R. Flett)

4 The building generates much of its own energy through wind turbines, photovoltaic panels and
co-generation (Tan 2007).
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less water than typical comparable buildings that are built without any sustain-
ability features (Jones 2008; Tan 2007). CH2 is a 6-star Australian Green Star
building. It was built at a cost premium of 22.1 % (Aranda-Mena et al. 2008), but
due to productivity increases of 10.9 % from staff attributed to the new building
(Paevere and Brown 2008), as well as substantial energy savings, pay back was
between 5 and 7 years (Bond 2010). These results suggest that the building is
successful and performs better than conventional buildings.

Other Australian buildings achieve similar or better results and are not bio-
mimetic, however, such as the Gauge by Land Lease (by architect Darren Kin-
drachuk) built in 2009, also a 6 Green Star building in Melbourne. It is claimed
that the building recycles 92 % of its water on-site, and produces 25 % of its own
energy. The 2008 Workplace 6 (Sydney, also 6 Green Star rated by architects
Nettleton Tribe) reports 90 % water savings, 70 % reduction in carbon footprint,

Fig. 4.5 CH2 building,
Melbourne, Australia (photo
by: W. Gurak)
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and 45 % energy savings (Bond 2010).5 This serves to illustrate that this kind of
biomimicry (process biomimicry at the behaviour level) should be considered as
one aspect of a larger and more holistic response to climate change than incor-
porates an understanding of human behaviour elements in design rather than a sort
of quick technological fix.

Improving general energy efficiency is an important part of addressing climate
change, but should be regarded as an intermediate step (McDonough and Braun-
gart 2002, p. 62). Improving efficiencies helps to reduce the intensity of GHG
emissions but does not challenge assumptions about how and why technologies are
made and used. Nor does it address the underlying causes of climate change such
as dependence on fossil fuels. Other researchers also detail increased rather than
decreased energy use as a result of energy efficiency initiatives. This is referred to
as ‘Jevons Paradox’ (Jevons 1865). Simplistically, as efficiencies increase, the
price of a technology goes down often resulting in a net increase in consumption.
Improving energy efficiencies does allow positive incremental changes to be made
to existing technologies and buildings rather than assuming the only way forward
is a complete rebuild of the built environment (which is not possible). Energy
efficiency could, therefore, be important in the short term for the built environment
becoming better able to address climate change.

4.3.2 Biomimetic Energy Generation

Several biomimetic technologies or systems aim to replace the use of fossil fuels as
the primary human energy source. Looking to the living world for inspiration is
appropriate in this regard, because almost all organisms source energy from
renewable sources, which predominantly is directly or indirectly from contem-
porary sunlight. Examples of biomimetic systems for development of alternative
energy sources include mimicking the process of artificial photosynthesis in solar
energy cell technology (Moore et al. 2004; Collis et al. 2005; Davidson 2003),6

microbial fuel cells generated from electron donors in wastewater, biomass con-
version systems, radiosynthesis-based systems7 (Gebeschuber et al. 2009) and the
development of ocean energy technologies that mimic how sea kelp or certain fish
move efficiently in water.

5 Both The Gauge and Workplace6 hold two 6 Green Star ratings, one based on the design and
one ‘as built’. This means estimations of performance given above are based on the building after
construction, not just on the design. Values, however, are still based on simulations rather than
measured performance. Bond (2010) discusses some of the issues between estimations given by
simulations and actual measured performance that can lead to quite different results. Performance
estimates given above should therefore be treated with caution.
6 See also the work of the Australian Artificial Photosynthesis Network (AAPN).
7 Radiosynthesis refers to the process of melanin in micro-organisms capturing high-energy
electromagnetic radiation to generate metabolic energy (Gebeschuber et al. 2009).
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The Australian company BioPower has, for example, developed underwater
power generators called BioWAVE that oscillate in ocean waves and currents
rather than rotate like turbines (Fig. 4.6). Baker (2011) says of the technology:
‘The BioWave system sits on the floor of the ocean with three buoyant blades
extending from the base. These buoyant blades, which can reach heights of 25 and
19.5 m wide (for all three blades combined), sway back and forth with the motion
of the waves. These blades reach almost to the top of the water where the flow of
the water is most powerful. The motion of the blades drives an on-board generator
to produce electricity, which is then transported from the system to the shore
through cables on the seabed.’

Through the use of permanent magnet motors, the low-speed high-torque
oscillation is converted into high-speed low-torque rotation. Units are anchored to
the ocean floor by the use of a series of small root-like devices to avoid extensive,
habitat damaging and complicated drilling and installation. The generators rotate
freely to orient themselves towards currents and in the same way can lie flat in
storm events to avoid damage (BioPower Systems 2011; Finnigan and Caska
2006). The units are made from lightweight, non-corrosive, durable composite
materials. They are more lightweight than comparable wave power systems and
possibly more material and cost-effective (Baker 2011). A 250 kW 4-year grid
connected pilot study of the technology, funded in part by the Victorian Gov-
ernment in Australia, began in 2012 near Port Fairy. Installation of the pilot
BioWAVE is estimated to be completed in 2015. BioPower state they have

Fig. 4.6 Image of biowave unit (Source Biopower systems)
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independent verification of the viability of their systems but as yet there are no
results available (see however: Gonzalez et al. 2009 for a technical report of
BioWave testing). Once in operation the energy generated is claimed to be cost
competitive with that from typical wind farms (BioPower Systems 2011). Bio-
Power has also developed tidal power conversion systems based on the efficient
propulsion mechanisms (termed ‘thunniform motion’) of species such as shark,
tuna and mackerel called BioSTREAM (Gebeshuber et al. 2009).

Finding methods to replace fossil fuels with renewable energy sources is a long-
term solution to climate change (Atkinson 2007a). This is potentially problematic
given the time available to find alternatives to the use of fossil fuel before more
irreversible damage is done to the climate however (Turner 2008). Due to the
economic and social impacts of climate change (Stern 2006; Howden-Chapman
et al. 2010) it is possible that resources to research and develop alternatives to
fossil fuels will become more scarce (Mitchell 2012). It should also be remem-
bered that despite new developments in energy generation technologies, the uptake
of such technologies is hindered because industrialised countries still tend to
subsidise fossil fuels, hampering research into renewable energy alternatives.
One study estimated that the subsidy is as high as $US200 billion per year
(Gebeschuber et al. 2009).

While reducing or ceasing to use fossil fuels as an energy source would prevent
creation and release of additional GHG emissions, biomimicry has also been
investigated to find ways to remove excess CO2 already in the atmosphere.

4.3.3 Biomimetic Sequestering and Storage of Carbon

There are several organisms and processes in nature that are able to store,
sequester or recycle carbon. Understanding how they do this could be used in the
development of technologies for industrial processes and the built environment. In
Quebec, CO2 Solutions is developing carbon sequestration technology which
mimics certain chemical processes that occur in the bodies of mammals (Geers and
Gros 2000). The technology mimics the enzyme carbonic anhydrase which is able
to convert CO2 into bicarbonates. This enzyme enables mammals to manage CO2

during respiration. The process works at atmospheric pressure and ambient tem-
peratures (Fradette 2007). It generates bicarbonate which can be used to neutralise
certain industrial wastes, store CO2 or can be transformed into carbonate com-
pounds such as limestone to be used in processes in cement works or paper mills.
The aqueous solution, where the conversion of CO2 to bicarbonate occurs, is
reused in a closed loop. The technology can be retrofitted onto existing facilities
such as power plants, cement works, aluminium smelters and oil sands operations,
or integrated into new ones (Atkinson 2007b; CO2 Solution 2008). The process is
more energy effective, and therefore cost-effective, than conventional carbon
capture technology that use monoethanolamine, with energy savings of the order
of 30 % (Carley 2012). The enzymes used allow the use of different solvents (such
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as tertiary amines, carbonates and amino acids) that are also less toxic, corrosive
and volatile than those used in similar non-biomimetic systems. For example, this
system does not result in the emission of the known carcinogen nitrosamine which
is the case in systems that use piperazine (a chemical promoter used to accelerate
CO2 absorption) (Carley 2012). Initial testing on an Alcoa aluminium smelter in
Deschambault, Quebec, indicated removal of 80 % of CO2 that would otherwise
have been emitted into the atmosphere (Hamilton 2007). The CO2 emissions are
combined with waste bauxite residue, which is difficult to manage and potentially
dangerous, in order to neutralise it and create a product that has secondary uses and
revenue generating potential (Carley 2012). A larger pilot project on a power plant
(for a company wishing to keep the project confidential) was conducted in 2011.
CO2 Solutions reported positive but as yet unquantified and unpublished results.
Discussions of pilot projects in cement works and with major oil producers in
Alberta are underway to tailor the technology to these sectors (Carley 2012). In
2014 the ‘largest-ever scale test of a biocatalytic process for carbon capture’ was
completed by CO2 solutions in relation to its Alberta oil sands project. Results
showed an improvement of 33 % in energy consumption compared to the existing
carbon capture technologies for the capture of 90 % of the CO2 emissions (CO2

Solutions 2014).
A similar example of biomimetic carbon sequestration technology can be found

in Stanford University research. Brent Constantz investigated how coral creates its
hard aragonite exoskeleton of calcium and magnesium carbonate and bicarbonate
minerals by using minerals, sea water and CO2. Based on his discovery of how
calcite and aragonite (polymorphs of calcium carbonate) are nucleated by the
marine organisms and subsequent replication of that in a laboratory, in 2007 he
formed the company Calera. Calera is developing technology that sequesters
carbon from industrial flue gas emissions, adds it to brine wastewater, sea water,
manufactured alkaline solutions, or brines extracted from geological deposits, and
from this process converts the gas first to carbonic acid and then to stable solid
minerals. These materials are used to produce high reactive cements that do not
require the calcining of the carbonate typically required to produce conventional
Portland cement. The resulting Calera cement process results in fewer CO2

emissions than conventional cement production (Calera 2012).
The technology has been applied at a demonstration level to California’s Moss

Landing gas fired electricity power plant in the Monterey Bay area. Here sea water
is used, along with 92 % of the plant’s 3.5 million tonnes of annual CO2 emissions
and some of the waste heat and fly ash from the flue to create cement (Lovins and
Cohen 2011, p. 285). Further independent analysis of the Calera process confirms
that up to 90 % of carbon emissions could be captured if the system was applied to
other suitable plants (Andersen et al. 2011). The same report from the Institute for
Governance and Sustainable Development states: ‘The advantage of the Calera
process relative to other proposed CCS (carbon capture and storage systems) is
that: it is available near-term at a lower estimated cost, it is [a] modular retrofit to
existing power plants making it scalable, and it has the potential to capture carbon
while producing a useful product’.
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Every tonne of cement made in the process sequesters between 0.5 and 1.0
tonnes of CO2. This supposedly eliminates additional carbon emissions caused by
producing and transporting cement (Lovins and Cohen 2011, p. 285; Nidumolu
et al. 2009; Andersen et al. 2011). The sea water used in the process is not polluted
and can be returned to the ocean or used as pre-treated water to make drinking
water through desalinisation because the hardness has been removed (McKeag
2010). Trace metals in emissions are also removed during the process and mercury
is captured and converted into a non-leachable form (Calera 2012). Calera has
developed several new processes to enable their system to work, one of which is a
process to create the alkaline solution needed for the electrochemical part of the
system. This uses one-third to one-fifth of the energy of comparable state-of-the-
art practices. Testing began in 2011 on the suitability of the products of the Calera
process for building and construction processes8 and cement-based products have
been used in several demonstration projects. Non-structural applications (foot
paths, tiles) are likely to be end uses for the cement (Monteiro et al. 2013).

A final example of efforts to increase the sequestration of carbon using bio-
mimicry is illustrated by research conducted by Dr Jeffrey Brinker at the Sandia
National Laboratories in the United States, investigating how the abalone or paua
is able to grow a crack resistant shell approximately 200 % harder than human
ceramics using only sea water and a series of proteins (Brinker et al. 1999). The
research could lead to lightweight, extremely strong, optically clear building
materials (Sellinger et al. 1998) or to alternatives to concrete. Cement production
accounts for approximately 5 % of the world’s anthropogenic CO2 emissions
(Vanderley 2003). This process of biomineralisation stores carbon much like the
growing of forests locks carbon into the structure of the trees and soil until
released. The concept of a new material able to grow through self-assembly over a
structure, with the simple additive of sea water, by activating proteins on the
structure imitated from the abalone has been investigated, but results are not
available (Koelman 2004). Biomimetic biomineralistion is also discussed by
Vincent (2010) and Armstrong (2009).

The utilisation of detritus, or waste, is an important part of the process of cycling
nutrients and is a fundamental part of maintaining the health of an ecosystem. In
using biomimicry to address excess carbon in the atmosphere it may be possible to
use carbon as a resource rather than it being a source of pollution or waste. The
obvious example from biology is how plants utilise CO2 during the photosynthesis
process, converting it into the products needed for plant growth and development,
such as cellulose. For plants, CO2 in the correct quantities is a necessary resource,
rather than a pollutant. A company formed out of research by Dr Geoff Coates at
Cornell University called Novomer is mimicking this aspect of carbon sequestra-
tion in plants, by using CO2, mostly captured as factory emissions, as a resource for
new carbon-based polymers (McKeough 2009). The resulting plastics are 40 %

8 Compressive strength data is available on the Calera website: http://calera.com/ (accessed May
2014).
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transformed CO2 by weight and could be used as coatings for building materials or
foam insulation (Fister Gale 2008; McKeough 2009). The catalyst that is needed
for the process works at ambient temperature and low pressure (150psi), and the
process is therefore less energy intensive and expensive than conventional bio-
plastics production (Greenemeier 2007). The use of CO2 and carbon monoxide
(CO) as feedstocks, rather than corn or starch as in bioplastics, means the carbon-
based plastic does not compete with food production, and both captures and stores
carbon, while reducing demand on oil reserves (if the result is less production of
conventional oil based plastics). Ongoing research suggests that the stored carbon
in the carbon-based plastic is released upon decomposition, although depending on
the exact nature of the feedstock and catalyst, the biodegradability of the carbon-
based polymers can be varied to enable longer term carbon storage (Patel-Predd
2007; Gerngross and Slater 2003). In recent advances within Novomer, acrylic acid,
acrylate esters, butanediol and succinic anhydride have been synthesised cost
competitively from bio-based feedstocks using existing technology. These mate-
rials can be combined with Novomer’s catalyst to make materials and chemicals
with a potentially negative carbon footprint, with the suggestion that such a process
could lead to plastics which sequester CO2 over the product lifecycle, while being
30 % cheaper than conventional plastics to manufacture (Novomer 2010). The first
large manufacturing run of Novomer polypropylene carbonate (PPC) polyol was
completed in 2013 through Albemarle at their Orangeburg, S.C. factory to enable
large-scale commercial testing. Novomer chemicals may also be useful in the
production of paint, coatings, textiles and nappies with an estimated increased
energy productivity of chemical manufacturing by 30–70 %, reduced CO2 footprint
of 40–110 % depending on the target chemical, energy savings of 20 trillion BTUs
per year within 10 years with complete sequestration of waste gases (Novomer
2013).

An issue with this approach to addressing climate change impacts is that
sequestering carbon does not examine or solve the problem of excessive burning of
fossil fuels. Nor does it take into account the depletion of oil reserves. Rather,
sequestration is another interim step in the development of a more sustainable
human society and economy, possibly creating time to develop technology which
does not just pollute less, but instead does not pollute at all. There are several
additional logistical, economic, technological and environmental problems with
current attempts at carbon sequestration (Schiermeier 2006). Technologies that
allow polluting practices to continue for longer, even if at decreased rates, may
distract people from the necessary task of reorganising human industry, and with it
consumption at a fundamental level, and may instead perpetuate a ‘business as
usual’ paradigm. This could make the eventual highly probable collapse of such
systems more difficult for people. It is likely that transitions to non-polluting and
non-fossil fuel-based ways of making energy and products, including buildings,
would be easier and less disruptive ecologically and economically if done before
there was no other option due to ecosystem collapse or the end of cheap fossil
fuels. If such a scenario is allowed to occur, it is possible that the impacts would be
so great that transition may not be possible (Turner 2008). The benefit of using
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biomimicry as a means to capture or sequester carbon, however, is that such
techniques may help to retrofit and adapt existing building infrastructure, while
addressing GHG emissions in the short to medium term. The existing built envi-
ronment will need to be part of a long-term solution to climate change because
of the relatively long life of buildings and slow rate of renewal compared to
consumer items such as clothing or electronic equipment.

Several of the examples of a biomimetic approach to carbon sequestration or
storage discussed here reveal that useful secondary products related to a built
environment context can be made from wastes without toxic by-products and
without using high amounts of energy. There may also be important restorative
capacity in lowering the amount of atmospheric carbon by using CO2 as a feed-
stock for new materials. The built environment uses approximately 40 % of the
materials consumed by the global economy (Rees 1999). Building materials that
store carbon long term, or that are made from CO2 and do not release all this upon
biodegradation, and are durable and safe, could make a contribution to mitigating
climate change or even lowering levels of atmospheric carbon over the long term,
if combined with other initiatives. It should be remembered that most of the built
environment that will exist for the next 50–90 years (in Western countries) has
already been built, so there is a limit to how much of an impact new kinds of
materials can make within a time frame that would allow the built environment to
address GHG emissions before the impacts of climate change prevent large
amounts of additional building.

4.4 Biomimetic Strategies for Adaptation to Climate
Change in the Built Environment

Work that discusses how to strategically adapt new or existing buildings or urban
environments to climate change, tends to be limited to discussion on how to make
buildings more adaptable in general through design techniques such as design for
deconstruction, materials recycling and reuse and lightly treading foundations
(Fernandez 2004; Steemers 2003). This raises the question of whether new tech-
niques or technologies that could contribute to adaptation to climate change could
be revealed by study of how certain organisms and the ecosystems they create or
are part of are already able to do this. There are several examples of biomimicry
being employed as a strategy that professionals of the built environment can
harness to adapt buildings to climate change. The first and most common category
of examples are those that respond to anticipated direct impacts of climate change
on the built environment (see Table 4.1). The second is a more comprehensive
approach to altering the built environment so it becomes more adaptable and
resilient as a whole system.

4 Can Biomimicry Be a Useful Tool for Design… 99



4.4.1 Responding to Direct Impacts of Climate Change

The living world is made of numerous organisms that effectively solve the same
problems that the built environment will face as climate change continues. While
the potential impacts of climate change are numerous and dependent on local
conditions, the list of organisms and ecosystems that effectively manage similar
issues is also long. There are approximately 1.8 million species which have been
described and categorised. Estimates of the total number of species range, how-
ever, from 2 to 100 million, with a ‘best guest’ at 14 million (Purvis and Hector
2000). There are organisms and ecosystems that manage overheating, high winds
and erosion. Organisms may be specifically tailored to these conditions because
they are part of their habitat niche. Other organisms demonstrate strategies to adapt
to changes on a temporary basis that could be useful for humans to study, while
others adapt over the longer term or over generations, through the processes of
evolution. Several architectural biomimicry projects respond to direct impacts
of climate change. The architecture discussed here may form a suitable response to
changes in precipitation patterns and projected water shortages for example.

Grimshaw Architects in collaboration with Charles Paton of Seawater Green-
house have taken an understanding of the Namib desert beetle and proposed a
unique desalinisation process that will form part of a large outdoor theatre called
Teatro del Agua on a shore of the Canary Islands. The stenocara beetle lives in
desert with little rainfall but with short infrequent morning fogs. It is able to
capture moisture from the swift moving fog by tilting its body into the wind. Water
condenses on the surface of the beetle’s back because its shell is cooler than the
surrounding air. Droplets form on the shell, and the alternating hydrophilic,
hydrophobic surface of the beetle’s back enables the drops to roll down into its
mouth (Garrod et al. 2007; Parker and Lawrence 2001). Research conducted in the
United Kingdom has also shown that surfaces based on the beetle’s shell are
several times more effective at harvesting fog than typical methods using nets
(Trivedi 2001), and could be useful in improving the design of de-humidification
and distillation equipment (Knight 2001).

The Teatro del Agua mimics aspects of the beetle by passing sea water over a
series of evaporative grills. As the sea breeze moves through these grills, some of
the water evaporates leaving salt behind. The moist air then continues until it hits
pipes holding cool sea water, pumped up from the nearby ocean. As the warm
moist air touches the cool pipes, condensation forms and clean fresh water trickles
down the outside of the pipes to be collected. The sea water pumps are powered by
wind turbines using the same uni-directional sea breeze. The building is projected
to be self-sufficient in water with surplus being transferred to neighbouring
buildings and landscapes (Pawlyn 2011, p. 70).

Another established example of biomineralisation that could relate to climate
change adaptation and may have application to the building industry is Biorock
(Fig. 4.7). Biorock was developed by marine biologist Thomas Goreau and
engineer Wolf Hilbertz in the 1970s to restore coral reefs (Pawlyn 2011, p. 50).
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Frames of steel are placed onto ocean floors and low voltage current that is not
harmful to marine life is passed through the frames. This encourages minerals
dissolved in the sea water to crystallise. A layer of minerals appears on the frames
within a few days upon which coral can be attached. Accretion rates are up to
50 mm per year with a load bearing strength of between 24 and 80 MPa (con-
crete’s compressive strength is typically between 17 and 28 MPa) (Goreau 2010;
Pawlyn 2011, p. 50). The process continues for as long as the current moves
through the metal substrate. The resulting material has self-repairing characteris-
tics. The exact make-up of the material is dependent on the type of sea water it
grows from.

The original intent of the technology was to develop low cost structures on land
(Pawlyn 2011, p. 50). Suggestions have been made that integrating Biorock with
offshore wind turbines or ocean energy power generators by diverting small cur-
rents to foundations could be used to regenerate surrounding marine ecosystems
(Pawlyn 2011, p. 50). The physical presence of the frames, the low voltage cur-
rents and an environment suitable for coral attract other marine life, and over time
diverse ecosystems mature. Coral and oysters grow three to five times faster on
Biorock and have a survival rate in higher ocean temperatures caused by climate
change of 16–50 times higher than background rates. Biorock has been used since
1975 in at least 20 countries (Goreau 2010). This is an example of a biomimetic

Fig. 4.7 Biorock structure at Pemuteran Bay, Bali, Indonesia (photo by: R. Morrow-Euigk)
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technology focused on adapting to climate change and reducing biodiversity loss
that is regenerative of ecosystem health.

Responses to the direct impacts of climate change have a number of benefits
and associated difficulties. They are helpful for a gradual response to the impacts
of climate change, particularly if the financial resources needed to research,
develop and test technologies continue to be available. They require accurate
knowledge of what the impacts of climate change will be for a given site over
time, which is difficult to predict accurately in many cases. A benefit of this
approach is that technologies and architectural responses to direct impacts may be
transferable to other places with similar issues. The biomimetic system based on
the Namib beetle described above may be useful for small island communities or
coastal areas that have difficulties sourcing fresh water, exacerbated by climate
change for example. An additional benefit of the process of developing techno-
logical solutions for individual buildings is that it fits into the current method of
extending and renewing the built environment, which is typically a building-
by-building or addition-by-addition process over time. This means it may be
suitable for a gradual retrofitting of the existing built environment.

Developing individual technologies or even whole buildings to deal with the
myriad of direct climate change impacts on the built environment does not how-
ever ready the built environment for unpredicted changes or indirect climate
change impacts. Focusing solely on adapting the built environment to the direct
impacts of climate change also does not address multiple concurrent impacts. The
challenge of other related drivers of change is also not tackled, which may in the
long run be of greater consequence to the built environment and to humanity as a
whole (Atkinson 2007a). Understanding local built environments as whole systems
in terms of their strengths and weaknesses and utilising these to create greater
resilience may be a more effective way to plan for unpredictable future climatic
changes.

4.4.2 Systemic Improvement of the Built Environment

Ecosystems are typically resilient and many are able to move though infrequent
abrupt changes while still supporting the survival of organisms (Gunderson and
Holling 2002). The ability of ecosystems to adapt to the rapid changes that may
come about due to climate change is difficult to predict however (Walther et al.
2002). Despite this, mimicking ecosystems can offer insights into how the built
environment could function more like a system than as a set of unrelated object-
like buildings, and thus become better able to adjust to change. An aspect of
ecosystems which enables them to successfully adapt to constant change comes
from the fact they are made up of organisms and processes that are in close
relationships. High diversity in terms of these relationships between organisms
typically leads to increased system redundancy, and results in a greater ability for
the whole system to adapt to change.
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4.4.2.1 Mimicking How Ecosystems Work: Process Strategies

Systems-based climate change adaptation challenges conventional architectural
design and procurement thinking, particularly the typical boundaries of a building
site and design timescales. By mimicking process strategies in ecosystems,
designers may have successful models to follow in devising how systems in
buildings or urban environments should be put together and how they should work.
Research into intensive aquaculture systems stretching back several decades
demonstrates in the advantages of mimicking ecosystem processes to create
resilient and effective systems. Typically, such systems mimic the process in
ecosystems where waste becomes a resource for another component of the system,
or where energy is shared ensuring the system eliminates or reduces duplication of
effort. The Happy Shrimp Farm in the Netherlands (2007–2009) was strategically
located next to E.ON Benlux’s pulverised coal power station in Rotterdam’s
Maasvlakte (a part of the city’s harbour and industrial area). Greenhouse enclosed
basins for raising shrimp were kept at a steady 30 �C by a 2.5 km pipe which
transferred heat from the power plant’s waste coolant water (60 �C ) through a heat
exchange system to the farm. The 5,000 m2 farm also supported the growth of
algae. Algae fed on the nitrogen-rich waste produced in the shrimp farming pro-
cess and became in turn feed for the shrimps, while helping to keep the basins
clear. This resulted in productivity up to 200 times higher than if traditional feeds
were used (Braungart et al. 2008).

Well-known examples of successful industrial ecology, such as Denmark’s
Kalundborg industrial region, also illustrate how the process of cycling materials
in ecosystems can be mimicked, even between diverse companies. In Kalundborg
this sharing of waste as resource results in a reduction of 30 million m3 of
groundwater used, and a reduction of 154,000 tonnes of CO2 and 389 tonnes of
mono-nitrogen oxides (NOx) emitted. Five companies and one local municipality
make up the industrial park where 20 different bi-product exchanges occur
(Jacobsen 2006). The UK Cardboard to Caviar (or ABLE) Project created by
Graham Wiles of the Green Business Network in Kirklees and Calderdale and the
design of a zero emissions beer brewery near Tsumeb, Namibia demonstrate
similar concepts of mimicking the waste cycling of ecosystems and both projects
report significant beneficial social outcomes (Mathews 2011). The elimination of
toxins and pollutants that lead to the degradation of ecosystems is also addressed
with such an approach. Analysis of further ecosystem processes other than cycling
of wastes or sharing of energy, suggests additional strategies for the built envi-
ronment to mimic (Korhonen 2001).

In aiming to capture cross-disciplinary understanding of how ecosystems work,
a comparative analysis of related knowledge in the disciplines of ecology, biology,
industrial ecology, ecological design and biomimicry was conducted to formulate
a group of ecosystem process strategies for biomimetic design (Table 4.3). For
methodology, justifications and sources see: Pedersen Zari (2012). Although many
aspects of ecosystems are suitable for designers to investigate in the creation of
sustainable built environments, features of ecosystems that make them resilient are
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useful in the context of climate change. These were identified as: use of abun-
dances or excess (i.e. renewable energy sources); optimisation of the whole system
rather than single parts; a responsiveness and dependence on local conditions;
diversity in types of organisms and relationships; a capacity for decentralised
organisation; interdependence of organisms; benign functioning; complex infor-
mation feedback loops; and a capacity for self-healing or self-correction.

4.4.2.2 Mimicking What Ecosystems Do: Ecosystem Functions

Mimicking the functions of ecosystems (what they do) is different from mimicking
their processes (how they do it). For the purposes of applying ecosystem bio-
mimicry to the built environment is it useful to understand the concept of

Table 4.3 Ecosystem processes for biomimetic design

Tier one. Ecosystem context

1.1 The context that life exists in is constantly changing
1.2 Living entities that make up ecosystems generally work to remain alive

Tier two. Therefore

2.1 Ecosystems adapt and evolve within limits at different levels and at different rates
2.2 Ecosystems are resilient. They can persist through time even as components within them
change
2.3 Ecosystems enhance the capacity of the biosphere to support life, and functioning and
processes in ecosystems and within organisms tend to be benign
2.4 Ecosystems are diverse in species, relationships and information

Tier Three. The implications of this are that

3.1 Ecosystems are self-organising decentralised and distributed
3.2 Ecosystems function through the use of complex feedback loops or cascades of information
3.3 Organisms within ecosystems operate in an interdependent framework
3.4 Ecosystems and organisms are dependent upon and responsive to local conditions
3.5 Ecosystems and the organisms within them optimise the whole system rather than maximise
components
3.6 Organisms within ecosystems are resourceful and opportunistic. Abundances or excesses are
used as a resource

Tier Four. This is supported by the fact that

4.1 Ecosystems have the capacity to learn from and respond to information and self-assemble
4.2 Ecosystems and the organisms within them have the capacity to heal within limits
4.3 Variety can occur through emergent effects (rapid change)
4.4 Variety can occur by recombination of information and mutation (gradual change)
4.5 Ecosystems are organised in different hierarchies and scales
4.6 Ecosystems and organisms use cyclic process in the utilisation of materials
4.7 Ecosystems often have in-built redundancies
4.8 Parts of ecosystems and organisms are often multifunctional
4.9 Local energy /resources become spatial and temporal organisational devices
4.10 Ecosystems and the organisms within them gather, use and distribute energy effectively
4.11 The form of ecosystems and organisms is often a result of functional need
4.12 Organisms that make up ecosystems are typically made from commonly occurring elements
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ecosystem services from the study of ecology (Alcamo et al. 2003; Daily et al.
2000; de Groot et al. 2002). Ecosystem services are fundamental to human sur-
vival. Mimicking the functions of ecosystems enables design teams to know what
the quantifiable ecological goals should be for a development in a given location
and climate if it is to integrate with existing ecosystems and contribute to health
rather than deplete it. Previous research by the author focused on ascertaining
which ecosystem services were most applicable to a built environment context. For
the sake of brevity, only the results are reproduced here (Table 4.4), however
methodology, sources and justifications can be found in: Pedersen Zari (2012).
Daily (1997) provides scientific details of each function. It is commonly known
that the built environment has a large negative effect on these ecosystem services
(Graham 2003). One way to reduce this is to create built environments that mimic
or provide these ecosystem services and therefore reduce pressure on ecosystems,
as the urban environment grows and as the climate continues to change.

This list given in Table 4.4 suggests that in a similar way to the functioning of
an ecosystem, a building or development could be designed to form a system, or be
part of a system that: produces food; produces renewable energy; produces raw
materials for the future built environment; collects and purifies water; purifies air
and soil; regulates climate through mitigating GHG emissions and the heat island
effect; contributes to soil formation and fertility through careful cycling of bio-
degradable wastes and recycling of non-biodegradable wastes; and deliberately
provides habitat for species suitable for co-inhabitation with humans in the urban
built environment. Such new ecologically regenerative developments in turn could
act as filters (mechanisms that purify air and water), producers (of food and
materials) and generators (of energy) for the rest of the built environment which is
still degrading ecosystems and is likely to persist for at least another 50–90 years
(O’Connell and Hargreaves 2004). If these regenerative nodes became part of the
built environment and start to perform even small aspects of ecosystem functions,
it is possible that built environment caused climate change would be to some
extent mitigated, and at the same time the built environment could become more
adaptable to climate change, while creating beneficial biodiversity outcomes
(Pedersen Zari 2012).

Similar ideas are discussed by proponents of eco-effectiveness (McDonough
and Braungart 2002). The difference between those concepts and the ecosystem
biomimicry proposed here is that the measurable targets such as emissions levels,
carbon storage, water catchment, energy production and resource production, are
determined through an understanding of suitable ecosystems or the pre-develop-
ment ecosystem of the site, and thus are based on ecological reality, rather than
human political needs or trends. A benefit of mimicking the functions of eco-
systems is that, through careful urban planning and an integrated and multidisci-
plinary design method, buildings as part of a larger system, able to mimic
ecosystem processes and/or functions in their creation, use, and eventual end of
life, may have the potential to adapt more readily to climate change. Whole system
adaptation of built environments using an understanding of ecosystems may have
the potential to address climate change impacts and biodiversity changes
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concurrently, but the concept needs to be better understood and further developed.
Further research of ecosystem biomimicry is ongoing, however a comprehensive
analysis of how ecosystem services could specifically be supplemented by the built
environment forms the basis of a comprehensive case study of Wellington, New
Zealand and is available in Pedersen Zari (2012).

That a greater understanding of ecology and systems design is required on the
part of design teams is implicit with such an approach. Increased collaboration
between fields that traditionally seldom work together such as architecture or
urban design, and biology or ecology would also be required. Challenges with such
an approach include the current competitive economic context of the built envi-
ronment in many places in the world as discussed by Hunt (2004). Encouraging
greater interdependence and the sharing or exchange of resources or knowledge
between buildings or neighbourhoods requires for example a different economic,
legal and attitudinal framework. Because this approach requires communities to
become interdependent systems, coordination and cooperation from landowners
and authorities is needed to enable progress at a large scale. The built environment
varies greatly between different climatic, economic and cultural contexts, and
systems that are appropriate to specific places will therefore also vary greatly.
Although each differing geographic region will have to evolve its own unique
system over time, knowledge of how to create or evolve such systems can be
transferred.

Although there are some draw backs to a whole system adaptation of the built
environment, it is a suitable solution for a longer term response to climate change
impacts, because it addresses many of the underlying issues with current urban
environments that are in need of re-evaluation (Grimm et al. 2008; Wahl and
Baxter 2008). The difference can be likened to a long-term treatment of the
underlying cause of an illness in an individual, rather than a short-term treatment
of symptoms which may in fact aggravate the underlying condition. In this case,
this is the fact that the majority of human urban settlements are dependent on fossil
fuels to heat, feed and transport people in a linear system which creates pollution
leading in part to climate change. This system also causes the degradation of
waterways, air quality, soil and human health while at the same time consumes
non-renewable resources in such a way that they cannot be reused. A whole-
systems approach to built environment design acknowledges that human devel-
opments and therefore humans are not in any way separate from the ecosystems
they exist in.

4.5 Conclusions

Commonly given examples of successful biomimicry are typically products or
materials rather than buildings or building systems, and tend to mimic a single
organism. Mimicking aspects of organisms can produce innovations that address
sustainability issues in some cases, but without an understanding of the ecological
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context of these organisms, such innovations can too easily become simple tech-
nological add-ons to conventional buildings. These could fall into the category of
‘green-wash’, if buildings remain average in terms of overall sustainability per-
formance over whole lifecycles. Such solutions also miss an opportunity
to examine the possibility of systemic change in the built environment and to
re-evaluate the nature of the relationship between people, their built environment
the ecosystems they exist in.

While existing technologies and techniques will be crucial in the short and
medium terms, biomimicry could form an important part of long-term solutions to
climate change and biodiversity loss. Biomimicry could be useful as part of
strategies designed to replace the use of fossil fuels, to develop technologies or
techniques to address direct climate change impacts on the built environment and
in the systemic improvement of the built environment using ecosystem biomim-
icry. Technologies that increase energy efficiencies and can sequester or store
carbon may form part of an important short to medium-term approach, but should
be seen as intermediate steps. As well as a reduced or potentially negative carbon
footprint for the built environment, examples of biomimetic technologies reveal
approaches that use current excess CO2 as a resource for new materials. Biomi-
metic technologies that address direct climate change impacts and biomimetic
technologies or systems that prevent further GHG emissions have also been
examined and could be implemented alongside wider systemic change in the built
environment (including a consideration of people’s consumption behaviour and
lifestyle expectations).

The case studies examined in this chapter suggest that ecosystem biomimicry
may be the most effective kind of biomimicry to respond to climate change
impacts and utilise synergies between mitigation and adaptation strategies. This is
also the least explored aspect of biomimicry in-built form. Positive integration
with ecosystems leading to a regenerative rather than damaging effect on them
may contribute to maintaining biodiversity and the ecosystem services that humans
are dependent upon for survival, particularly as the climate continues to change.
Such a concept goes beyond encouraging a basic understanding of ecological
processes over time, as is increasingly advocated in recent publications and in
educational institutions. Instead it is the thorough integration of ecological
knowledge into architecture and urban design to alter how buildings function
fundamentally in relation to ecosystems and to each other. Buildings should be
expected to become active contributors to ecosystems and social systems, rather
than remaining unresponsive agents of ecosystem degeneration.
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Chapter 5
Bio-inspired Adaptive Building Skins

R.C.G.M. Loonen

Abstract How do living organisms capture, convert, store and process energy,
water and sunlight? How does nature cool down, heat up, provide shade, and
control light? Adaptability, the ability of a system to act in response to variations
in environmental conditions often plays a key role in this context. Unlike living
organisms, buildings are typically conceived as static, inanimate objects. Because
a building’s surroundings and internal conditions are constantly changing, there is
a lot to learn about how inspiration from nature can foster more adaptability of the
façade for enhanced building performance. After highlighting the need for more
adaptability in the built environment, this chapter reviews state-of-the-art exam-
ples of research concepts and design applications with bio-inspired adaptable
solutions for the building envelope. All examples are in the scope of building
physics and energy efficiency with a focus on improving indoor environmental
quality. The chapter concludes with an outlook of design support methodologies
that can potentially incite the practical uptake of bio-inspired adaptive building
skins in the future.

5.1 Introduction

Building envelopes separate the ambient environment from indoor spaces and their
occupants. On the one hand, the building envelope has to offer protection against
inclement influences from outside, such as wind, rain, excessive radiation and
extreme temperatures. On the other hand, the façade functions as the connecting
element between occupants and the outside world, by regulating the exchange of
energy and admitting access to, e.g. views, daylight and fresh air.
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The design of a building envelope is of crucial importance for the quality of the
indoor environment it encloses (Knaack et al. 2007). Designing comfortable
spaces for working and living has always been a primary objective for architects
and engineers alike. Accruing evidence now shows that indoor environmental
quality is not only important for comfort perception, but also has a significant,
direct effect on office worker productivity, health, reduced sick leave, and asso-
ciated economic implications (Fisk and Rosenfeld 1997; Singh et al. 2010; Aries
et al. 2014). From the viewpoint of design for whole life-cycle value, these insights
put even more emphasis on the need to develop building envelope constructions,
which can support the realization of high-performance indoor environments (Jin
and Overend 2014).

In many climatic zones, exterior conditions throughout most of the year are too
extreme to be considered comfortable. The building envelope can usually mod-
erate the negative effects to only a limited extent. To ensure a healthy and com-
fortable indoor climate all year long, intensive use of artificial lighting, and
mechanical systems for heating, ventilation and air-conditioning (HVAC) is often
required. In the current fossil fuel economy, this leads to large pressures for
sustainable development, to the extent that one-third of all end-use CO2 emissions
comes from the building sector (International Energy Agency 2012). This present
situation represents a barrier for sustainable growth of the current generation, but
at the same time also forms an immense opportunity for innovative solutions. The
Intergovernmental Panel on Climate Change has identified the building sector as
the sector with the highest potential for cost-effective mitigation of carbon dioxide
emissions (Ürge-Vorsatz and Novikova 2008).

The need for increasing energy efficiency levels in the built environment is
currently being enforced through energy performance regulations for new build-
ings and renovation projects, such as the Directive on the energy performance of
buildings (EPBD) in the European Union. These new regulations have a focus on
demand reductions, which, in many instances, is manifested through the devel-
opment of low-energy buildings with highly insulated, airtight, sealed envelopes
(Meijer et al. 2009). Such designs, however, leave little connection between
occupants and the outside world, thereby conducing to the detachment of occu-
pants from the exterior environment.

The here described features of the passive design approach are difficult to
reconcile with the biophilic design movement, which advocates the necessity of
maintaining, enhancing and restoring the connection between nature, human
beings and the built environment (Kellert et al. 2011). Moreover, at times, the
passive strategy seems to be at odds with the requirements for high-quality indoor
environments, which could take advantage of the positive contributions from
natural energy sinks and sources in a more active way. Indeed, several studies
show the associated risk for unintended comfort issues in buildings where the
primary focus was on low-energy building design (Mlecnik et al. 2012; McLeod
et al. 2013).

An alternative direction in the efforts to reconcile energy efficiency with the
need for high-quality indoor climates integrates adaptability into the building
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envelope, as inspired by principles found in nature. Modern construction tech-
niques, developments in material sciences, and availability of controllable kinetic
façade components now offer ample opportunities for innovative building enve-
lope solutions that respond better to the environmental context, thereby allowing
the façade to ‘‘behave’’ as a living organism (Loonen et al. 2013; Loonen 2014).
Natural envelope-like structures such as shells, skins and coverings have evolved
over time to limit energy expenditure while maintaining conditions to thrive and
reproduce. In many instances, adaptability, either on the short- or longer-
term (Kasinalis et al. 2014), forms an essential mechanism for resilience and
survival. Mimicking these strategies, by finding functional analogies, and bringing
them to the domain of architecture, can form a key ingredient for environmentally
conscious sustainable development in the building sector. On a wider scale, bio-
inspired adaptable building skin design can play an important role in creating a
better mutual relationship between buildings and their surrounding local micro-
climate, through careful integration of principles from urban physics (Moonen
et al. 2012), for enhancing, e.g. natural ventilation potential (Ramponi et al. 2014),
pollutant transport in street canyons (Xie et al. 2007), acoustic properties (Van
Renterghem et al. 2013) and wind comfort (Montazeri et al. 2013). In the longer
term, such design considerations will help in the transition from biological prin-
ciples on the building scale towards the more holistic notion of ‘‘biophilic cities’’
(Beatley 2011).

This chapter presents an overview of building envelope surfaces, materials,
structures, functions, constructions, mechanisms, principles and processes, all
inspired by nature. We approach the building envelope design question from the
viewpoint of visual, acoustic and thermal aspects, and do this with a specific focus
on adaptability, the ability of a system to change in response to varying envi-
ronmental conditions. The next section continues with a discussion of systems-
based terminology to be able to better analyse the many ways of how adaptability
can be embedded in the building envelope. This is followed by a state-of-the-art
structured overview with examples of bio-inspired adaptive building skins
described in literature. Finally, this chapter concludes with discussing strengths
and challenges of design methods that can support a more systematic design
methodology for bio-inspired adaptive building skins.

5.2 Adopting Bio-inspired Adaptation Principles
in Building Envelope Design

The existence and manifestation of adaptation is an important condition for sus-
taining life in natural (eco-)systems. In nature, adaptation can be found at multiple
physical scales and time resolutions. It is not always straightforward to convey the
complexity and subtlety of these biological concepts in a form that is directly
applicable to the domain of architecture and building envelope design. The systems
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engineering literature provides a well-described taxonomy that can help make
this connection (Chalupnik et al. 2013). The same terminology can be used to
highlight the need for adaptation in the built environment (Loonen et al. 2013).
With respect to building envelopes, the underlying principles of adaptation can
offer advantages on the following three levels: adaptability, multi-ability and
evolvability.

5.2.1 Adaptability

Adaptability is defined by Ferguson et al. (2007) as the ability of a system to
deliver intended functionality considering multiple criteria under variable condi-
tions through the design variables changing their physical values over time.
Building skins having this attribute can seize the opportunity to deliberately act in
response to changes in ambient conditions, such solar radiation, wind speed and
direction, temperature, rainfall, etc. Doing this offers a potential for energy savings
compared to conventional, static buildings because the valuable energy resources
in our environment can be actively exploited, but only at times when these effects
are deemed favourable (Loonen et al. 2011). Adaptable facades can thus act as
climate mediator, negotiating between comfort needs and what is available in the
ambient environment (Wigginton and Harris 2002). With embedded adaptability,
façades no longer have to be a compromise solution for the whole year, performing
acceptable under a wide range of conditions, but never optimal regarding a specific
situation (Ochoa et al. 2012). Moreover, it gives opportunities to adjust to the
individual user (Bakker et al. 2014), rather than a best average for all, as usually
prescribed in comfort standards. In addition to the immediate effect, adaptability of
building envelopes also helps in achieving gains through smart utilization of
building constructions’ thermal storage capacity. The dual effects of shifting peak
demands can help in mitigating comfort problems, and also limit redundancy in
installed heating and cooling capacity (Hoes et al. 2011).

5.2.2 Multi-ability

The concept of multi-ability originates from the existence of non-simultaneous
performance requirements, or the need to fulfil new roles over time. The ‘balcony
that can be folded’ (Hofman and Dujardin 2008) is an illustrative example of a
responsive building envelope that features multi-ability: depending on ambient
conditions and users’ preference, it changes function from window to a balcony-on-
demand (Weaver et al. 2008). Multi-ability differs from adaptability in the sense that
multiple requirements are fulfilled successively, not at the same time (Ferguson et al.
2007). Unlike conventional systems, designed to satisfy a single set of conditions, it
allows for addressing change via a plurality of individually-optimized states. In this
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way, multi-ability promotes more efficient use of resources, which adds to the list of
benefits already mentioned in the previous paragraph. A second application of multi-
ability is the potential for spatial versatility. At the same moment in time, the
properties of the building envelope can be different for various positions of the
building shell. In this way, different orientations of the building can independently
react to the ambient conditions or to distinct comfort preferences requested by
individual users in separate zones.

5.2.3 Evolvability

While adaptability and multi-ability mostly handle short-term changes, evolv-
ability is a property of flexible systems that deals with variations over a longer
time-horizon (Silver and de Weck 2007). Perhaps even more than uncertainty in
day-to-day operation, future building requirements and boundary conditions are
highly unpredictable, or cannot even be known in the design stage (Holmes and
Hacker 2007; De Wilde and Tian 2010). Building shells that can evolve over time
are a means of extracting value from the uncertainty of these unforeseen events.
Evolvability is nevertheless considered more a positive side-effect, rather than a
main design objective; the ability to keep options open preserves opportunities to
react to changes as they unfold in the future or perhaps might not occur. Con-
cerning the building and construction industry, evolvability, or sometimes called
survivability, can be used to deal with changing conditions coming from the
outside (e.g. climate change, changing urban environment, wearing of the façade)
or from the inside (e.g. organizational function changes of the building, new space
layout). In all these cases, having a façade that can react to changes increases the
chances that the building can continue operation as intended, without suffering
from the potential negative impacts of unforeseen future conditions.

5.3 Overview and Analysis of Bio-inspired Facades

In both research settings and design practice, a tendency for more bio-inspired
adaptable façade projects can be observed. In addition, several universities recently
started to teach courses on biomimetic building design as part of their architecture
curricula (Badarnah 2012). Although Braun (2008) presents a wide overview of
more than 45 potential role models for bio-inspired building envelope design, the
skins of plants and humans tend to be seen as the most straightforward emulation
model and inspiration source for multifunctional and truly sustainable enclosure
systems (Wigginton and Harris 2002; Koch et al. 2009). In nature, skins perform a
multitude of different functions, respond to a range of operating conditions and are
self-regulating. Transferring these traits as metaphors to the building envelope is a
commendable, but challenging task (Mazzoleni 2010; Drake 2007).
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Initial manifestations of biomimetic applications in the construction sector were
mainly focused on individual buildings and experimental architecture. More and
more, however, efforts now tend to shift to the level of materials and components,
henceforth aiming at easier repeatability and wider applicability (Loonen et al.
2014). Figure 5.1 provides an overview of the different scales and function levels
at which bio-inspired adaptable facade design is examined in this chapter.

From the level of the building envelope, bio-inspiration can take place at
various different spatial scales, ranging from (i) material, (ii) component, (iii)
façade, to (iv) whole-building. Following biomimetic literature, the types of bio-
inspiration can be classified in one of the following three groups, (a) form, (b)
function, and (c) process (Pedersen Zari 2010).

Form is the most straightforward type of bio-inspired design, because it directly
relates to imitation of the morphological appearance of the biological system or
organism. There is a clear visual resemblance between the building envelope and
its biological equivalent, but it does not necessarily embody a functional feature
that has a positive effect on performance of the building, and if it performs a
function, it is not associated with the original application. Although out of scope
and hence not presented in this chapter, many examples of non-adaptive bio-
inspired structures, such as organism-shaped or zoomorphic architecture (Alder-
sey-Williams 2004) fit into this category.

Function, on the other hand, mimics the underlying biological mechanism, i.e.
it tends to be more concerned with what the facade does rather than the way it
looks (although not completely excluding similarity in terms of form). Functional
bio-inspiration can either be direct or indirect. The first approach directly copies
the observed functional principle into a building envelope technology which
performs the same role. The indirect approach is loosely based on a selected
biological principle, but requires an intermediate abstraction step in the transfer
from biological principle to building envelope technology.

Process, the third type of bio-inspiration, is an important constituent in many
features of biomimicry. However, it is not commonly found on the level of
individual buildings, but more often in inter-building connections on the urban or
district scale. It is therefore not part of the analysis presented in this chapter.

FORM

FUNCTION

PROCESS

Material Component Facade Whole building

Fig. 5.1 Overview of bio-inspiration at different levels
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5.3.1 Form

5.3.1.1 Form: Material

Adaptability of form at the material scale implies that changes take place at the
scale of nanometres. A myriad of responsive or smart building materials are capable
of changing their configuration at this level of spatial resolution (Bastiaansen et al.
2013; Klooster et al. 2009; Leydecker et al. 2008). The change itself, however, can
normally not be observed with the naked eye, but is manifested in the form of
variations in aggregate optical (Baetens et al. 2010), thermophysical (Quesada et al.
2012), or surface properties (Chen et al. 2012). This then results in a change of
function, rather than form, and for this reason, this class of materials is discussed in
Sect. 5.3.2.1: Function—Material.

5.3.1.2 Form: Component

The efficiency of building-integrated photovoltaic (BIPV) façade systems can take
advantage of natural design strategies. SMIT Solar Ivy is such an innovative BIPV
system, inspired by the way foliage leafs are arranged to capture sunlight in an
optimal way. Instead of cladding the envelope with flat surface-mounted panels,
the system consists of smaller loose-hanging elements, the so-called solar leaves
that freely move and partly overlap each other. This arrangement not only
increases the usable surface for photovoltaic energy generation, but also induces a
natural, wind-driven cooling effect, which further enhances the energy generation
efficiency of the thin-film solar cells (Klooster et al. 2009; Brownell 2010).

One of the most well-known and widely studied (e.g. Dawson et al. 1997)
examples of movement found in nature is the opening and closing behaviour of
pine cones in response to hygroscopic conditions. Reichert et al. (2014) recently
adopted this phenomenon, and transformed it into an innovative façade compo-
nent. Their approach, named Meteorosensitive Architecture, harnesses the elastic
deformation of veneer composite materials to make a tunable, humidity-responsive
façade opening system. An interesting feature of this concept is that the material
acts as sensor and actuator at the same time (Menges and Reicher 2012). The
adaptive capacity is an inherent feature of the subsystems comprising the building
shell. An advantage of this type of control, compared to conventional, external
control hardware is that these types of systems can immediately change their
configuration without expending any fuel or electricity to facilitate the state
transition. In addition, the subtlety of the technology is a main asset: the number of
components is limited since no add-on systems like control units, processors or
wires are necessary (Loonen et al. 2013). The material can be ‘‘programmed’’ in
such a way that it responds in different ways to prevailing environmental
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conditions. Figure 5.2, for instance, shows two configurations, where (a) the
façade closes and (b) opens with increasing relative humidity levels. Many types
of architectural expressions can be achieved by adapting the existing design
concept.

5.3.1.3 Form: Facade

Natural ventilation is a prominent design strategy for low-energy building oper-
ation. Controlling the opening and closing schedules of windows is, however, a
challenging task because the resulting air flow can easily be too high or too low.
‘‘Living glass’’ tries to offer a solution to this problem by controlling the opening
of a façade with gill-like slits, looking similar to the mechanism for gaseous
exchange found in aquatic organisms (Geiger 2010; Linn 2014). Using strips of
shape memory alloy that expand or contract in response to (man-made) CO2

concentrations, a perfect balance between façade opening, pressure difference and
momentary ventilation requirements can be achieved.

5.3.1.4 Form: Whole Building

Unmistakably inspired by the wings of a bird, the Burke Brise Soleil, covering the
Quadracci Pavillion at the Milwaukee Art Museum in Wisconsin, is an iconic
piece of architecture (Fig. 5.3). The eye-catcher consists of 72 steel fins that span
the roof of a 27-m tall glass dome, and collectively open and close with the
opening hours of the museum (Trame 2001). The morphological resemblance with
a bird is not just cosmetic but also serves a functional purpose. The brise soleil
dynamically protects the sunspace from excessive radiation, but in a form that is
detached from the ornithological background where the façade system took its
inspiration. Moreover, one can argue if this type of shading strategy is actually
effective when compared to more conventional solutions.

Fig. 5.2 Example of opening and closing behaviour of the Meteorosensitive Architecture
prototypes. (Source Reichert et al. (2014), reprinted with permission)
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5.3.2 Function

5.3.2.1 Function: Material

Building materials and natural systems have a long common history. In the first
human settlements, building envelopes were made from locally available materials
such as animal skins, timber or bamboo. This connection was basically lost with
the advent of modern constructions made from concrete, steel and glass, but is now
subject of a revival with the rediscovery of the sustainable virtues of bioclimatic or
ancient vernacular architecture (Foruzanmehr and Vellinga 2011; Zhai and Pre-
vitali 2010), such as wind-catchers for natural ventilation in hot and arid climates
(Montazeri and Azizian 2008), courtyard architecture (Taleghani et al. 2014) or
the potential for building underground (Van Dronkelaar et al. 2014). Also in many
augmented or composite construction materials, the connection between nature
and building materials is re-established. A typical example of a nature-inspired
way of building are the green walls or roofs, which directly transform the use of
greenery into a functional building material (Ottelé 2014). Vegetation as a sea-
sonally adaptive solar shading strategy furthermore shows good potential for
energy conservation as well as physiological and psychological performance
benefits (Ip et al. 2010; Magnone and van der Linden 2014). Constructions enri-
ched with biofibers and biocomposites such as hemp, flax or mycelium (Pacheco-
Torgal 2014; Mayoral 2011) are other examples of construction materials with a
direct link to nature. A pioneering new development is currently exploring the
possibility of making building materials in a bottom-up way, using enzyme pro-
ducing bacteria (Ednie-Brown 2013). In this biomanufacturing approach, the
energy-intensive processes of making materials such as bricks or concrete are
replaced by an environmentally friendly growing process. The developers argue
that the only elements needed to produce the construction material, named

Fig. 5.3 Burke Brise Soleil
at the Milwaukee Art
Museum. Architect:
Calatrava (Source http://
www.flickr.com/photos/
crazyegg95/ under CC
BY-ND 2.0 license)
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bioMASON are: loose pieces of aggregate, enzyme producing bacteria, an amount
of urea and an amount of calcium ions (Dosier 2011).

In addition to these materials, there are also applications of buildings which
attain adaptability by directly incorporating living organisms in the building
envelope construction, but do this while extending their functionality beyond what
is found in the original application domain. An example is the bio-reactive façade
of the BIQ house at the International Building Exhibition 2013 in Hamburg
(Fig. 5.4). The BIQ house is equipped with façade-integrated bio-reactors—
transparent containers with microalgae cultivated in the façade component. While
growing, the algae in these bio-reactors serve multiple functions at the same time:
they act as shading system, solar thermal collectors and absorb carbon dioxide.
After the cultivation phase, the algae can be separated from the water, to be used as
biomass with an expected energy gain of 30 kWh/m2 per year (Wurm 2013).

Sweating polymers recently receive attention as a novel way for cooling
buildings without energy consumption (Rotzetter et al. 2012). Perspiration, the
way mammals release heat to their environment via moisture secretion is used as a
guiding principle for this concept. The technology uses thermoresponsive hydro-
gels, which enable utilization of evaporative cooling. At a critical switching
temperature of 32 �C, the material undergoes a phase transition and accompanying
release of moisture in a sweating-like manner. Autonomous operation is ensured
by regeneration of the system with rain water. Experiments in a reduced-scale set-
up demonstrated an estimated energy-saving potential for cooling of up to 60 %
(Rotzetter et al. 2012).

Worldwide, avian mortality due to collisions with building facades is estimated
in the billions every year (Klem 2009), mainly because traditional windows appear
invisible for birds. In the search for solutions to this problem, bio-inspired prin-
ciples may form a valuable resource. The ultraviolet (UV) reflection pattern of
spider webs makes them discernable for the birds’ sensory system. It is proposed
that window systems with similar UV reflecting properties can act as a significant
deterrent for collisions, with little or no obstructed view for humans (Evans Ogden
2014). Commercial products based on this proposition are currently entering the
market. The main challenge in making the technology successful is in finding a
coating composition that reflects a sufficient amount of UV light, yet does not
interfere with the windows’ visual functioning. The importance of this issue is
reflected by the fact that the LEED green building rating system recently intro-
duced a pilot credit for bird-collision deterrence as part of the new biodiversity
category (Foster 2011).

An iconic example of a more indirect bio-inspired functional mechanism is the
self-cleaning capability of Lotus leaves. After studying the physical principles, this
advanced functionality has successfully been transferred in the form of coatings
for building cladding and fenestration systems (Pacheco-Torgal and Jalali 2011;
Solga et al. 2007). The deposition of a special hydrophobic layer prevents dirt from
building up because it gets washed away by the almost spherical droplets of water
(Parkin and Palgrave 2005).
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5.3.2.2 Function: Component

Aero Dimm (Fig. 5.5) is a good example of a biological principle that is directly
transformed into a building component (Gruber 2011a). The façade component is
inspired by coloration of cephalopod molluscs, and works via a pneumatic chamber
that changes its volume between two elastic membranes. By controlling air pressure
inside the cavities, a colour change and corresponding impact on radiant heat
exchange is achieved. Doing the adaptation in a smart way, it is possible to realise a
significant positive contribution in the building’s energy balance.

An indirect example at the component level is the artificial green façade con-
ceived by Šuklje et al. (2013). The façade system consists of bionic leaves, which
are made of photovoltaic cells attached to evaporative matrices. These components
serve the dual purpose of increasing photovoltaic system efficiency and cooling of
the air in the microclimate that surrounds the building. The technical manifestation
of this envelope system is only distantly related to evapotranspiration of actual
vegetation in green facades. Results from the experiments nevertheless show that
the evaporative cooling effect of the bionic façade approaches its natural coun-
terpart, while introducing a 6.6 % increase in energy production compared to PV
leaves without evaporative cooling.

Bio Skin, the façade construction of the Sony Research and Development
Center in Tokyo, Japan, is inspired by transpiration to reject heat in summer, but
is, in contrast to the sweating polymers from Sect. 5.3.2.1. packaged in the form of
a more technological approach. The system uses a network of porous ceramic
tubes, mounted on the exterior surface of the building. The tubes are fed with
rainwater that is collected from the roof and nearby surroundings. By means of
evaporation, the system provides a cooling effect due to latent heat transfer. Bio
Skin’s goal not only is to reduce cooling load of the building, but also to act as a
mitigation strategy for the urban heat island effect by cooling the surrounding air
(Yamanashi and Hatori 2011).

Fig. 5.4 Algae facade, BIQ
house at the International
Building Exhibition 2013 in
Hamburg (Source http://
www.flickr.com/photos/_
bundjugend/ under CC BY 2.
0 license)
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The internal vascular networks, found in most homeothermic living organisms,
form the basis for an innovative adaptive window system, developed at the Wyss
Institute for Biologically Inspired Engineering at Harvard University (Hatton et al.
2013). The window is supplemented with an array of very thin transparent water-
carrying channels to act as microfluidic heat exchange layer for thermal control of
the surface (Fig. 5.6). By adjusting the flow rate through the system, a dynamic
thermoregulation effect is achieved. The researchers report a cooling effect of
7–9 �C at a relatively low flow rate, and expect a significant energy-saving
potential with full-scale facade integration of the new technology (Hatton et al.
2013). A further iteration of this product aims at enhanced heat capacity, by
enriching the fluid with phase change materials (PCM) in the form of nanoparticles
(Alston 2014).

Despite the growing number of documented examples in the built environment,
flexible, kinetic structures are still more frequently found in nature than in
buildings. Especially the movement observed in plants offers a rich source of
inspiration for technology transfer to buildings. Schleicher et al. (2014) propose a
methodology for integrating these principles into new components for adaptive
building skins, and demonstrate the potential with three case studies. One of these
is Flectofin�, a new type of lamella system that provides adaptive solar shading
through elastic deformation of flexible slats (Lienhard et al. 2011). In a slightly
abstracted form, the full-scale integration of this type of bending technology has
already been demonstrated: the ‘‘One Ocean’’ Pavilion at EXPO 2012 in Yeosu,
South Korea (Knippers and Speck 2012).

Fig. 5.5 Aero Dimm facade principle. (Source Gruber (2011a), reprinted with permission)
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5.3.2.3 Function: Façade

Of the different scales and levels of abstraction discussed in this chapter, functional
bio-inspiration for adaptation at the façade level is the most popular one. Probably
this is because of the direct analogy that can be made with the skins of living
organisms. Numerous biological principles have been investigated, with mixed
success, for application in buildings, such as: animal fur (Webb et al. 2011, 2013),
reptile skin (Zare and Falahat 2013), tree bark (Yowell 2011), bird feathers
(Taghizade and Taraz 2013), plant species (Rezaei and Zare 2011), seeds (Fernandèz
et al. 2013) or the hollow structure of polar bear hair (Stegmaier et al. 2009).

An exemplary case in this category is based on the optics of animal eyes and
their responsiveness to light (Park and Dave 2013). The optical composition of
reflecting superposition eyes is converted into a dynamic façade structure with
square tube structures, embedded with optical systems. When integrated into the
roof of large buildings, the technology is able to capture, concentrate and distribute
natural daylight, to reach optimal lighting conditions and reduced energy
consumption.

In terms of solar shading control for buildings, the Homeostatic façade,
developed by DeckerYeadon, forms an interesting alternative compared to regular
screens or blinds systems (Dahl 2013). The system regulates a building’s indoor
climate on the façade level by automatically and autonomously responding to
environmental conditions. Through deformations of a shape-changing dielectric
elastomer, the shading system expands under sunny conditions, and contracts when
to allow for passive solar gains. The mechanism is modelled after the motion in
muscles, and has an advantage over other systems because of its low power
consumption and localized control (Minner 2011).

Fig. 5.6 Artificial vascular window system having a 10 9 10 cm2 array of 1 mm wide channels,
dry (left) and filled with water (right) (Source Hatton et al. (2013), reprinted with permission)

5 Bio-inspired Adaptive Building Skins 127



5.3.2.4 Function: Whole Building

The last category in this overview concerns examples of bio-inspired envelopes
which involve not just the façade layer, but the whole building in three dimen-
sions. Heliotrop, as a member of the class of rotating buildings, is a widely known
and well-cited example in this group (Randl 2008). The building, located in
Freiburg and designed by Rolf Disch architects mimics the directional growth or
rotation in response to the sun in the same way as some plants species do (Spie-
gelhalter 2012). By choosing its orientation in a clever way, the building can
modulate view and privacy, take advantage of solar gains when needed, or protect
against overheating if there is an overheating risk.

The ‘‘Earth, Wind & Fire’’ building concept (Fig. 5.7) seeks analogy with the
natural renewable potential of geothermal, wind and solar energy (Bronsema
2013a). In this climate-repsonsive, whole-building concept, the building skin plays
a key role in creating a comfortable indoor environment. The gist of the design
concept is in the thorough integration of building physics and HVAC functions,
with the aim of obviating the use fossil fuel for fans and cooling machines. ‘‘Earth,
Wind & Fire’’ consists of three main components for conditioning of ventilation
air and creating sufficient pressure differences: (i) a venturi-shaped roof for
enhancing the supply air flow potential for natural ventilation (Van Hooff et al.
2011), (ii) a gravity-actuated heat exchanging façade with mist spraying system for
evaporative cooling, named Climate Cascade and (iii) a solar chimney for har-
vesting solar energy and inducing a buoyancy-driven ventilation flow. When
integrated with appropriate thermal energy storage systems, a simulation study
shows that the ambition of net positive energy building operation is within reach
(Bronsema 2013a).

5.4 Design Support Tools

Biomimicry as a discipline is growing in the field of construction and architecture.
As evidenced by the wide range of selected application examples presented in this
chapter, there is already a considerable number of bio-inspired adaptable facade
concepts making its way into practice. It is argued, however, that in many cases,
the label ‘bio-inspiration’ was attached to the building envelope design in a rather
ad-hoc and sometimes superficial way. Moreover, the bio-inspired premises on
which these design concepts are based are not always fully understood, or do not
always accurately reflect the biological principles. This mismatch is exemplified
by the case of the well-known Eastgate centre in Harare, Zimbabwe. The building
is said to be modeled after the climate-control features of termite mounds, but in
fact is based on a flawed interpretation of how the biological system actually works
(Turner and Soar 2008). Although not necessarily a bad thing in itself, this finding
can be thought of as exemplary for the gap in domain knowledge that exists
between building designers and biologists.
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In order to come to a more profound integration of biomimicry and architectural
design, with potentially a higher impact on sustainable living, there is a need to
make the translation process from nature to building envelope technologies more
rigorous, systematic, and rational (Badarnah 2014). In literature (Badarnah 2012;
Gamage and Hyde 2012; Pedersen Zari 2010; Knippers and Speck 2012;
Mazzoleni 2010; Gruber 2011b), several barriers that currently hinder the transfer
of relevant biological solutions have been identified:

• Difficulties with access to information that helps in narrowing down the
enormous space of solution strategies found in nature;

• The sometimes large analogical distance between biology and building design
and the lack of cross-domain knowledge;

• Conflicts between different requirements for aesthetics and functionality;
• Scaling issues to bridge the gap from small-scale observations to design

principles on the human or whole-building level.

With these principles in mind, recently, a number of design methodologies and
support tools have been proposed to stimulate the development of biomimetic
building design.

Fig. 5.7 Natural air-conditioning principles of Earth, Wind and Fire. (Source Bronsema (2013b),
reprinted with permission)
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On the one hand, these activities concentrate on categorization and organiza-
tion. Noteworthy in this respect is the outcome of the Austrian BioSkin project
(Gosztonyi 2011). After a broad exploration phase, 240 organisms with potential
for functional translation into facade systems were identified. This led to the
extraction and classification of in total 43 biological principles for the building
skin, which are extensively documented in a database that is available for public
perusal online (http://www.bionicfacades.net).

On the other hand, there are approaches that aim to develop design methodol-
ogies, capable of guiding building designers through the entire process from
exploration to concept development. With reference to adaptable building enve-
lopes, the recently completed PhD research by Lidia Badarnah at TU Delft is worth
mentioning (Badarnah 2012). Her work develops a selective, living envelope,
methodology for generation of bio-inspired adaptable facade concepts that creates a
proper representation of biophysical information, and makes this more accessible
for architects. The main feature of the exploration and investigation platform is that
it offers a bridge between biological information and building envelope require-
ments, through clustering, abstracting and identifying dominant solution paths.

In bringing the field of bio-inspired adaptive building skin design forward in a
way that transcends beyond the level of poorly understood, or simple metaphors,
the application of such specialized design support methodologies will undoubtedly
be of great value.
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Chapter 6
A Green Building Envelope: A Crucial
Contribution to Biophilic Cities

Marc Ottelé

Abstract Throughout history, greening of outside walls and roofs of buildings has
taken place. Reasons for doing so were the increase of insulation (keep cool in
summer and keep cold out in winter), improved esthetics, improved indoor and
outdoor climate, adsorption of particulate matter (PMx), as well as increasing
ecological values by creating habitats for birds and insects. Green façades and
living walls systems can improve the (local) environment in cities. They offer
more surfaces with vegetation and, at the same time, contribute to the improve-
ment of the thermal performance of buildings. Although in the past, relatively little
attention has been paid to these valuable opportunities of vegetation and its
interaction with buildings. More and more attention is shifted to these so-called
beneficial relations in especially dense urban areas, which can be considered as
deserts in biological terms. This movement from a biophilic perspective point of
view includes combining nature and natural elements in the built environment to
ameliorate the negative impact of climate change as for example loss of biodi-
versity, mitigation of urban heat, or air pollution reduction.

6.1 Introduction

Cities and urban environments contain a variety of ecological and green assets,
efforts are being made to further enhance the green elements and features of these
living and work environments at the building scale. Integrating the positive aspects
of greenery inside urban environments is called: Biophilic urbanism (Beatley and
Newman 2013). A biophilic designed city is more than a biodiverse city; it is a
place that learns from nature and emulates natural systems, incorporates natural
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forms and images into its buildings and cityscapes, and designs and plans in
conjunction with nature; it transform cities from gray and lifeless to green and
biodiverse (Beatley 2008).

Biophilic design is an innovative way of designing urban areas where we live,
work, and learn, creating healthy and productive habitats for city dwellers. It is
based on the theory of ‘‘biophilia’’ which contends that human health and well-
being has a biologically-based need to affiliate with nature.

While parks have often been a part of cities, architects and designers today are
incorporating nature into their designs through a variety of innovations such as
green roofs and vertical gardens, a renewed focus on local and natural materials,
and reclamation or restoration of spaces (Derr and Lance 2012).

This chapter will show within an ecological engineering context the impact of
green roofs and green façades in (dense) urban areas. An overview and comparison
of different types of horizontal and vertical green for housing, industrial, and other
commercial buildings will be given. Some concrete examples will be elaborated to
show possibilities of their multifunctionality.

There is a growing body of evidence of the positive physical and mental health
benefits associated with greenery and green elements in the built environment
(Beatley and Newman 2013). Realization of vegetated roofs and façades finds
more and more frequent application in the building sector; although for large scale
application, there is in general, still hesitation among policy makers and designers.
That is a great pity as financial details show that applications of green roofs are not
(any) more expensive than for example traditional flat roofs (Bohemen et al. 2009;
Köhler 2012).

Greening of outside walls or facades of buildings gains also more interest in
recent years. Although these concepts are not new (in the eighties of the twentieth
century, different reports and books have been published, research into the use of
green inside cities increased substantially). In particular, the amount of publica-
tions, articles, and research focused on the use of green roofs and green façades has
increased in recent years (Köhler 2008). Despite the interest (under city dwellers,
architects, city planners, policy makers, and scientists) in a green building enve-
lope with corresponding positive claims, hard data about the effect of urban green
is sometimes missing or not well studied yet. However, nowadays the environ-
mental impact of buildings on the inner and outer climate becomes more and more
apparent.

Green buildings are designed to reduce the overall impact of the built envi-
ronment on human health and the natural environment. Buildings in which we
spend a great part of our life to protect us from nature’s extremes, yet they also
affect our health and environment in countless ways (EPA 2010). Green building
strategies not only stand for sustainable materials in their construction (e.g.,
reused, recycled-content, or made from renewable resources), but also by using of
natural processes (e.g., shading effect of trees, insulation capacities of green roofs
and green façades, mitigation of urban heat due to evapotranspiration). The green
building strategy in the presented chapter focuses on one key aspect of the
‘‘greening process’’ namely the use of plants on and around urban buildings.
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6.2 Green Building Envelope Strategy

The resilience of cityscapes against climate change is predominantly determined
by the properties of their surfaces and the spatial arrangement of the buildings.
These factors induce the occurrence of urban heat islands or flooding (Scharf et al.
2013). When global radiation reaches a surface it may be reflected (Albedo) or
transformed to sensible or latent heat flux. While plants are able to transform the
sun energy into biomass, oxygen, and air humidity, regular building surfaces (e.g.,
plaster) emit sensible heat flux. Plants regulate the urban microclimate, while
conventional surfaces lead to microclimatic extremes and reduce the thermal
comfort within cities (Scharf et al. 2013).

To deal with problems in dense urban areas often one-sided solutions are
chosen. With the increased focus on ecological impacts of human activities on our
environment the attention is shifted more and more to integrated solutions. Eco-
logical engineering principles and biophilic design, can contribute to integrated
solutions as it is applied and multidisciplinary science; it is integrating human
activities with the natural environment, so that both can have advantage of
designing and refurbishing of constructions. Conservation and the development of
biodiversity by utilization of biological processes are central in the designing
process. Dense and paved cities need an appropriate development, which incor-
porates an ecological approach to building and landscape design with respect to
link functions such as water management, air pollution reduction, energy con-
servation, the recycling of waste (water), and nature conservation (biodiversity).

One promising option for dense urban cities is the greening of buildings
(Johnston and Newton 2004; Ottelé 2011; Perini 2012). By strategically adding a
‘‘green skin’’, it is possible to create a new network of vegetation as roofs, walls,
courtyards, streets, and open spaces. These networks, also called stepping stones,
are particularly important in the city centers where vegetation may cover only
about one third of the land surface, compared with 75–95 % in the outer suburbs
(Johnston and Newton 2004). In these areas, there is less biodiversity and a lack of
breeding and nesting possibilities for animals, besides paved surfaces collect a lot
of heat, which negatively contributes to urban heat.

Application of plants rooted in the soil at the base of façades or on roofs by many
architects and landscape architects is indicative of the value placed upon their
presence in the urban landscape (Laurie 1977). Structures covered with green are a
symbol of building in harmony with architecture and nature (Lambertini 2007). The
garden-city movement at the end of the nineteenth century may be seen as one of
the first ecological reactions to industrialization in urban areas (Kaltenbach 2008).

The many systems available on the market allow combining nature and built
space to improve the environmental quality in urban areas (Fig. 6.1), and to retrofit
the wide building heritage (which is often unsuitable and cause of relevant energy
waste and discomfort conditions) with respect to architectural, functional, and
performance aspects (Novi 1999; Nuzzo and Tomasinsig 2008; Dunnett and
Kingsbury 2004). It is an important field to investigate since data show that
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architecture plays an important role in the field of sustainability. In fact, the
building sector has one of the greatest impacts on the environment; buildings
consume a significant amount of energy over their life cycle and generate 40–50 %
of the total output of greenhouse gases (Thormark 2002; Ardente et al. 2008;
Prasad and Hill 2004).

A green building strategy offers the potential to learn from traditional archi-
tecture; the earliest form of vertical gardens dates from 2000 years ago in the
Mediterranean region and ornamental roof gardens have been developed initially
by the civilization of the Tigri and Euphrates River valleys (the most famous
examples of which were the Hanging Gardens of Babylon in the seventh and
eighth centuries B.C. (Köhler 2008; Dunnett and Kingsbury 2004). Several
examples of green envelopes, back to eighteenth to nineteenth century, can be
found in Northern European regions, such as climbing plants to shade vertical
surfaces in Mediterranean regions, due to the cooling potential of vegetation and
the insulation properties (thermal capacity). Nowadays, this kind of building
envelope strategy also incorporates advanced materials and other technologies to
promote sustainable building functions (Köhler 2008).

Greening the exterior of buildings (façades and roofs) provides numerous
ecological and economic benefits, including storm water management, energy
conservation, mitigation of the urban heat island effect, reducing air pollutants,
increased longevity of building materials, as well as providing a more esthetically
pleasing environment in which to work and live (Johnston et al. 2004; Dunnet and
Kingsbury 2004; Getter and Rowe 2006; Minke and Witter1982; Krusche et al.
1982; Bohemen et al. 2009; Ottelé 2011; Perini 2012).

Fig. 6.1 A green building envelope strategy incorporates multidisciplinary environmental
advantages for both city dwellers as nature
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The application of vegetation, especially in relation to the involved biological
processes in urban areas, requires an holistic approach at different scales (Fig. 6.2),
since the benefits operate at a range of different scales from the individual
building, the domestic, or garden scale, to district and finally to the city scale
(Beatly 2008). Different disciplines such as biology, architecture, and engineering
comes together in this concept, as it should be applied, as an integral approach to
optimize the efficiency of green structures and its surrounding.

Another important distinction can be made to private and public advantages.
Private advantages should be found in the direction of energy savings, esthetic
improvement, or for example extension of the life span of the waterproofing layer,
while public advantages are associated with storm-water management, biodiver-
sity, urban heat, and for example air pollution (Johnston and Newton 2004).

As mentioned earlier, green roofs and green facades are common techniques to
implement urban greenery at the building level, and within these techniques there
is a variety of concepts possible (Table 6.1).

Literature review done by Peck et al. (1999) and Köhler (2008) shows the
benefit of green roofs on the inner temperature in buildings. Under a green roof
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Fig. 6.2 Urban green and the
application of it requires an
holistic approach to
encounter the negative impact
of the build environment on
(local) climate

Table 6.1 Green building techniques for the urban area

Common urban green (techniques) at the building level

Vertical green Green roofs

Extensive Intensive Living wall concepts Green façade
(traditional)

Thin substrate layer
(5–15 cm). Vegetation
mainly sedum,
mosses, and herbs

Thicker soil layer
([25 cm). Vegetation
mainly herbs, herbs,
shrubs and trees

Modern technique based
on grow able panels
(mainly prefabricated),
hydroponic system and
nutrients needed

Consists out
of self-
adhesive
creepers
(tendrils)
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without cooling, indoor temperatures were found at least 3–4 �C lower than the
outdoor temperature, which was between 25 and 30 �C.

Green roofs can be used for the retention of water, and as a consequence, the
sewer system can be tailored to lower the peak concentrations and to improve the
water quality in the period of heavy rain. This subsequently can lead to savings on
investments in sewer and water purification installations (Heidt and Neef 2008).
The retention capacity can be between 60 and 100 % depending on the con-
struction details of the green roof. According to Mentens et al. (2006) the reduction
of the runoff consist in: delayment of the initial time of runoff due to adsorption of
rainwater in the green roof system, reducement of the total runoff by retaining part
of the rainfall, and by distributing the runoff over a longer period of time through a
relative slow release of the excess water that is temporarily stored in the pores of
the substrate. The effect of a green roof on the runoff compared to a traditional flat
(bare) roof can be seen in Fig. 6.3. Green offers furthermore a variety of plants and
animals; as a result of this many species can establish or maintain themselves in an
urban environment. The biodiversity in cities is generally higher than in agricul-
tural areas, but lower than in the rural area (Natuur balans 1999). The urban area
offers a unique lodging to some specific types by the substrate (mostly brick,
limestone, and masonry (Darlington 1981)) and the urban microclimate, such as
wall vegetation and mosses. One of the characteristics that set a city apart from its
rural surroundings is the altered climate that prevails over urban environments.
Comparing rural areas with the urban areas differences can be found in solar input,
rainfall patterns, and temperature.

The integration of buildings with vegetation, i.e., green roofs and vertical
greening systems, is a constantly evolving research field and especially in the last
decade a lot of technical developments are done. However, green envelopes
(especially the most innovative vertical greening systems) are not yet fully
accepted as an environmental quality restoration and energy saving method for the
built environment, mainly due to the lack of data needed to quantify their effects,

Fig. 6.3 Cumulative runoff
as measured by Mentens et al.
(2006) on an extensive green
roof and a bare roof based on
a 14.6 mm rain shower
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and to evaluate the real sustainability (environmental and economic) of these
(Perini et al. 2012). The many greening systems available on the market allows
combining nature and the built environment to improve the environmental quality
in urban areas; for example, green façades and living wall systems offer more
surfaces with vegetation and, at the same time, contributes to the improvement of
the thermal performance of buildings.

As earlier stated, the largest uncovered surfaces in cities are rooftops, as these
surfaces offer a great potential for urban agriculture. New York is an example
where already many projects are established. The Brooklyn Grange, a rooftop farm
business in Long Island (United States) is one of the largest of these projects. Also
in the Netherlands a few projects exist. De Dakakker in Rotterdam and Zuidpark in
Amsterdam are the most successful examples. Urban agriculture is a nice example
to educate city dwellers and to connect them again with the whole food production
chain (Dakakkers 2013). Urban agricultural projects are also a tool to stimulate
social cohesion between citizens (Farming the city 2013).

6.3 Air Quality Improvement with Vegetation

All plants will help to ameliorate the effects of air pollution. This can be done at the
microclimatic scale, but in the case of many green structures also at larger scale.
Leaves of plants provide a large surface area (Fig. 6.4a, b), which is capable of
filtering out particulate matter (PMx) and other pollutants such as NOx (conversion to
nitrate (NO3) and nitrite (NO2)) and CO2 in daytime. A green façade will block the
movement of particulate matter particles along the side of a building and filter them
(Minke and Witter 1982). Vegetation has a large collecting surface area and
promotes also vertical transport by enhancing turbulence (Fowler et al. 2001;

Fig. 6.4 a Dust on European Holly (Ilex aquifolium) leaves near an unpaved road. b Micrograph
(ESEM) of fine dust on common ivy (Hedera helix) leaf
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Beckett et al. 2004). When concrete, brick, stone, glass, and asphalt surfaces are
heated during the summer period, vertical thermal air movements (upward) are
created and dust particles found on the ground are carried and spread into the air
(Minke and Witter 1982). Particulate matter is adsorbed by the leaves, trunks, and
twigs (Fig. 6.3a, b), and is an efficient sink for particulate matter (Fowler et al. 1989).

According to Hosker and Lindberg (1982) fine dust (PM2.5 and PM10) con-
centrations are reduced when particles are adhered to the leaves and stems of
plants. Literature claims that by rainfall the adsorbed particulate matter is washed
off into the soil or substrate below. However, results from a conducted simulated
rainfall experiment (Ottelé 2011), shows that especially the fine and ultrafine
particles are fixed on the leaf surface. Also falling of leaves in autumn contributes
to particle binding. Research shows for example that plant barriers immediately
along a roadside (daily traffic level 20.000–50.000 vehicles) are more beneficial in
capturing lead (Pb) and cadmium (Cd) particles than plants investigated in the
rural area (Bussotti et al. 1995).

Also Thönnessen (2002) found heavy metal concentrations and fine particles
on leaves of a green façade (Parthenocissus tricuspidata) in the inner city of
Düsseldorf (daily traffic level 12.500 vehicles). Sternberg (2010) found the same
results by comparing ivy leaves from different sites (by counting particles on ivy
leaves), the leaves from the sites exposed to a high daily traffic level, had collected
a significant number of particles compared to the sites that are less exposed.

Research at the university of Bonn shows that mosses for example are excellent
fine dust absorbers (Frahm and Sabovljevic 2007). One square meter of moss can
‘‘consume’’ 20 g of fine dust each year. Since moss is one of the easiest plants to
use, for example, on a green roof, is an enormous advantage and cheap method
against (local) air pollution.

Besides particle binding plants are also known to absorb gaseous pollutants
through the stomata (CO2 and NOx). Via photosynthesis CO2 is sequestered in the
leaves (Minke and Witter 1982). The negative health effects of particulate matter
pollution for human’s stands for decreasing lung functions, increased respiratory
problems, and other health care visits for respiratory and cardiovascular diseases
(Pope et al. 2009).

Besides these effects also durability problems are involved and include accel-
erated corrosion of metals, as well as damage to paints, sculptures, and soil-
exposed surfaces on man-made structures (United Nations 2007). The improved
air quality by a green envelope has direct benefits for people who suffer a long
disease. A decrease of smog formation will occur, and also durability or corrosion
problems are reduced of urban infrastructure that is susceptible to damage from air
pollution (United Nations 2007).

A study carried out by the University of Dresden (Schröder 2009) with regard to
the organic balance of a greened façade with 1,000 m2 Hedera helix pointed out
that in one year: 1,019 kg of water and 2,351 kg of CO2 is consumed and bound,
respectively. In this reaction, 5,854 kg of organic mass (water content 4,409 kg
and dry mass 1,415 kg) and 1,712 kg of O2 is produced. With the assumption of an
leaf area index (ratio between leaf surface in m2 and covered wall surface in m2)
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for Hedera helix of 2.6 up to 7.7 m2 leaf/m2 wall (Bartfelder and Kohler 1987a, b),
a leaf surface area of 2,600 up to 7,700 can be calculated.

Measurements carried out by Rath and Kießl (1989) on the effect of green
façades on the SO2 concentration show that the concentration of SO2 was clearly
lower between the foliage than in front of a non-greened façade.

Field measurements conducted by a national research program in the Nether-
lands (IPL 2006) to investigate the effect of a vegetation corridor on the reduction
of PM10 levels near a highway (A50), show a minor contribution of the vegetation
corridor on the concentration levels measured in the ambient air. They estimated
the effect of vegetation smaller than 10–31 % on the traffic contribution of par-
ticulate matter, due to the high uncertainty of the used measuring equipment.

6.4 Temperature Regulation and Insulating Properties
Due to a Vegetation Layer

Buildings consume roughly 36 % of total energy use and 65 % of the total elec-
tricity consumption. Kula (2005) suggests that a wide scale green roof imple-
mentation could significantly impact energy savings. According to Dunnet and
Kingsbury (2004) every decrease of the internal building temperature with 0.5 �C
may reduce the electricity use with 8 % for air conditioning in summer periods.
Akabari et al. (2001) concluded that since 1940 the temperatures in urban areas
have been increased by 0.5–3 �C. Akabari et al. (2001) also estimated that 5–10 %
of the current electricity demand of cities is used to cool buildings just to com-
pensate the 0.5–3 �C increased temperature.

Green roofs, living walls (LWS), and green façades create their own specific
microclimate, quite different from surrounding conditions. Due to this specific
microclimate, both around the building and at grade are affected. Depending on
height, orientation, and the location of surrounding buildings, the façade is sub-
jected to extreme temperature fluctuations (hot during the day and cool at night),
with constant exposure to sunlight and wind. The climate on a roof or at a façade is
comparable with an arid or alpine climate, and only suitable to specific types of
plants. Most of the Sun’s radiation that is adsorbed by concrete, bituminous
materials, or masonry is reradiated as sensible heat. Asphalt, concrete, and masonry
will reflect 15–50 % of the received radiation (Laurie 1977), greening paved sur-
faces with vegetation to intercept the radiation before it can hit hard surfaces can
reduce the warming up of hard surfaces, especially in dense urban areas.

A study in Toronto carried out by Liu and Baskaran (2003) shows clearly the
temperature difference between a bare and green roof. Temperatures up to 70 �C
were measured for the bare roof, whereas the temperature on the green roof remains
around 25 �C. The consequence of this is that the roof membrane (bituminous
material) of the bare roof ages must faster due to UV light compared to a green roof,
which is protected by the substrate and plant layer. Since UV light deteriorates
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material and mechanical properties of coatings, paints, plastics, etc., plants will also
have an effect on durability aspects. This is a beneficial side effect, which will have
a cost-effective effect on maintenance costs of buildings. The denser and thicker the
plant layer on the green façade, the more beneficial these effects are. As for
example, life expectancy of bare roofs is in general 15 years, whereas for green
roofs this is up to 40 years.

Finally, due to the adsorption of heat during the day, the bare roof will reradiate
the adsorbed heat during night contributing to the urban heat island effect(Eu-
morfopoulou and Aravantinos 1998). In an urban heat island effect situation, even
night air temperatures are warmer because of built surfaces adsorb heat and radiate
it back during the evening hours (Getter and Rowe 2006). Covering a building
with vegetation prevents solar radiation from reaching the building skin (shading
effect of leaves), and in the winter, the internal heat is prevented from escaping. By
constructing green façades and green roofs, great quantities of solar radiation will
be adsorbed for the growth of plants and their biological functions. Between
façade and a dense vertical green layer (for both rooted in the subsoil as rooted in
artificial soil-based systems) a stagnant air layer exist. Stagnant air has an insu-
lating effect; green façades can therefore serve as an ‘‘extra insulation’’ of the
building façade (Minke and Witter 1982; Krusche et al. 1982; Ottelé 2011). Also
direct sunlight on the façade is blocked by the vegetation. This blocking of the
sunlight ensures that the temperature will be less high inside a house. In winter, the
system works the other way round, and heat radiation of the exterior walls is
insulated by evergreen vegetation. In addition a dense foliage will reduce the wind
speed along the façade, and thus also helps to prevent that the walls will cool.

The insulation value of vertical greened surfaces can be increased basically by
different mechanisms (Peck et al. 1999; Rath and Kießl 1989; Pérez et al. 2011):

• by covering the building with vegetation, the summer heat is prevented from
reaching the building skin (shadow), and in the winter, the internal heat is
prevented from escaping, reflected, or absorbed.

• thermal insulation provided by vegetation, substrates, and configuration
(mostly related to living wall concepts).

• by trapping an air layer within the plant foliage, since wind decreases the
energy efficiency of a building by 50 %, a plant layer will act as a buffer that
keeps wind from moving along a building surface.

• cooling of air due to evapotranspiration of plants and substrates (if used).

Green façades and roofs will cool local air temperatures in two different ways.
As explained, first of all, walls behind greened surfaces absorb less heat energy
from the sun (traditional façade and roof surfaces will heat up the air around them).
This effect is clearly visible in Fig. 6.5a, b where uncovered parts of the façade are
heated up (color red) and the parts covered with leaves considerable lower (color
blue and green). Secondly, green façades and roofs will cool the heated air through
evaporation of water (Wong et al. 2009) (for evaporation of 1 kg water, 2.5 MJ of
energy is necessary); this process is also known as evapo-transpiration. Besides,
hard surfaces encourage the runoff of rainwater into the sewage system. In urban
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areas, the impact of evapotranspiration and shading of plants can significantly
reduce the amount of heat that would be reradiated by façades and other hard
surfaces. Plants buffer water on their leaf surfaces longer than building materials,
and the processes of transpiration and evaporation, can add more water into the air.
The result of this is a more pleasant (micro)climate in the urban area.

Field measurements performed by Bartfelder and Köhler (1987a, b) show a
temperature reduction at the green façade in a range of 2–6 �C compared with a bare
wall. Holm (1989) shows with field measurements and his DEROB computer model
the thermal improvement potential of leaf covered walls. Also Eumorfopoulou and
Kontoleon (2009) reported the temperature cooling potential of plant covered roofs
and walls in a Mediterranean climate; the effect was up to 10.8 �C. Another study by
Wong et al. (2009) on free standing walls in Hortpark (Singapore) with vertical
greening types shows a maximum reduction of 11.6 �C. Also Ottelé (2011) shows
that especially with living wall concepts high temperature reduction can be
achieved, resulting in better insulation values.

Perini et al. (2011) show the influence of a green layer on the reduction of the
wind velocity along the surface of a building. An extra stagnant air layer in
optimal situations can be created inside the foliage, so that when the wind speed
outside is the same as inside Rexterior can be equalized to Rinterior. In this way, the
building’s thermal resistance can be increased by 0.09 m2 K W-1.

These results refer to the wind speed measured at a façade covered by a well
grown direct greening system and a living wall system based on planter boxes; in
the case of living wall systems the insulation properties change according to the
materials used. The thermal resistance of a living wall system based on planter
boxes is also influenced by the wind reduction, besides the thermal resistance of
the system itself contributes to the thermal resistance and is estimated up to
R = 0.52 m2 K W-1.

Fig. 6.5 a Boston ivy (Parthenocissus) rooted in the soil and applied directly against the façade
in Delft summer 2009. b Photograph taken of the same façade with an infrared camera (FLIR)
with ambient air temperature 21 �C
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For both green façades and living wall systems these results imply potential
energy savings for building envelopes in warmer and colder climates (Perini et al.
2011; Ottelé 2011). This ‘‘technical/thermal green’’ strategy of increasing exterior
insulation properties of vertical surfaces stimulates upgrading or retrofitting of
existing (under-insulated) façades without the added cost of interior or traditional
exterior insulation systems.

An experimental research conducted by Ottelé (2011) was set up to in order to
classify the thermal benefits of green façades or plant covered cladding systems
under boundary conditions in a so-called hotbox testing facility. For this reason, an
insulated (mineral wool) cavity wall with different (attached) vertical greening
systems was built and tested in order to distinguish the thermal effect of the green
systems. In total, there were two measurements performed with Hedera helix
(direct and indirect to the wall) and four measurements were carried out with
living wall systems (based on felt layers, planter boxes, mineral wool, and foam
substrate.

In the study, it was found that, both for the direct and indirect greening principle
lower surface temperatures of the exterior masonry were measured during summer
conditions compared to the bare wall situation. The difference of temperature for
the systems is reaching 1.7 and 1.9 �C, respectively, after 8 h of heating. The
insulation material inside the bare wall moderates the prevailing temperature
difference between the outside and inside climate chamber, resulting in no tem-
perature difference for the inside climate chamber. The winter measurement after
72 h shows that the wall surface covered directly with Hedera helix is warmer
compared to the bare wall, with a temperature difference of 1.7 �C. The air
temperature of the inside climate chamber is lowered with 0.7 �C in the case of the
bare wall, which means that the vegetation layer slows down the rate of heat flow
through the façade, resulting in an improved R-value of the system. In the case of
the indirect facade greening system the same trend was found; a temperature
difference of 1.9 �C, compared with the bare wall was found and the interior air
temperature is lowered with 1 �C in the case of the bare wall.

According to this measurement some conclusions can be drawn, namely, that
the insulation material is superior compared with the green layer, and thus mini-
mizes the effect indoor. However, since the green layer protects the heat accu-
mulation in the outer layer of the masonry, less heat will be reradiated during the
evening and night, which has a positive effect on the urban heat phenomena
(lowering the urban temperature).

A stronger relation between temperature reduction and greenery was found for
the living wall systems tested, a surface temperature reduction that can be achieved
with the investigated living wall systems was between 7.2 and 10.3 �C during
summer conditions. It can be noticed that the effect on the interior temperature is
also higher as well as the relation between mitigation of the urban heat island
effect.

For the winter measurements it was found that compared with the bare wall all
the greening systems contributes to a better thermal resistance of the facade.
Especially, in the case of the living wall systems higher interior room temperatures

146 M. Ottelé



were measured up to 4 �C compared with the bare facade. Which means that the
thermal resistance of the greened facades increased due to the extra material
properties, air cavity, and plant tissue. Field measurements conducted by Mazzali
et al. (2012) in a Mediterranean climate show comparable findings with laboratory
tests and calculations conducted by Ottelé (2011). The facade covered with a
living wall consisting an insulation layer (external side of the wall) shows a
significant (66 %) reduction in cooling energy than a system where the insulation
material is on the internal side (more heat accumulation in the massive facade);
furthermore, they concluded that the most effective orientation of the (green)
cladding, regardless the type of wall and the latitude, was the south side.

6.5 Utilization of Green Buildings

6.5.1 Green Roofs

Realization of green roofs is becoming a good construction practice in a lot of
countries in Europe, especially in Germany, as well as in the USA (Osmundson
1999; Köhler et al. 2012); however, large scale implementation takes much more
time and effort. In a report published by the municipality of Rotterdam (Anonymous
2007) a survey is given about the different types of green roofs with full financial
details. Comparison of different types was needed to stimulate large scale application
including suggestions for a system of subsidies (Anonymous 2007).

The advantages for the built environment as stated earlier by using vegetation
on roofs are clear:

• increase of water buffering capacity (water management) instead off peak
runoff to sewage system due to delayed runoff, transpiration, and evaporation.

• improvement of air quality (deposition of particulate matter on leaves for
example).

• reduction of the heat island effect in urban areas. Energy savings (increase of
insulation capacity—keep building cool in summer and keep cold out in
winter).

• noise level reduction up to 10 dB(A).
• increase of lifetime of roofing material.
• increase of esthetic values.
• increase of ecological value and biodiversity.

In Scandinavia in the past, roofs were covered with a soil layer (sod) that was
stripped from surrounding grass meadows (Donnelly 1992). Underneath the sod
structurally heavy timber beams were interspaced with birch bark to act as a
waterproofing layer.
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A range of different types of designs are now available on the market and
realized: from very extensive (ecological roof and Sedum roof) to intensive roofs
(gardens and parks) (Figs. 6.6, 6.7 and 6.8).

6.5.2 Intensive and Extensive Green Roofs

Vegetated roofs can, among other things, be categorized by the type of drainage
system and their nominal thickness. These two properties determine the structural
load, the maximum possible slope, the type of vegetation, and the water retention
capacity (Köhler et al. 2012). Basically, we distinguish green roofs with a thin
subtrate layer (extensive) and with a thicker substrate layer (intensive) see
Fig. 6.9.

The surface layer thickness of an extensive green roof is typically 5 cm up to
15 cm (Table 6.2). The exact growing depth of plants differs per species, but in

Fig. 6.6 Modern version of a
(Sedum planted) green roof
(Texel, The Netherlands)

Fig. 6.7 Extensive flat roof
planted with sedum. After 5
years the first establishment
of native Orchids (Orchis
praetermissa) occurred
(photo H. van Bohemen, The
Netherlands)
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general moss and sedum plants need the thinnest substrate thickness, and grasses
and herbs need the upper limit of 15 cm. The growing medium should provide the
vegetation of sufficient water, nutrients, and oxygen. Maintenance of extensive
green roofs is low, since normally only mosses, sedum, or herbs are growing.
Extensive roofs are limited accessible for people (only for maintenance purposes)
and are less heavy (up to 170 kg/m2) due to the low substrate thickness.

Intensive green roofs can be compared with parks or gardens in terms of plant
diversity and application. They require deeper soil than extensive roofs and regular
maintenance (Kadas 2006). This type of green roof, often accessible for people,
requires a high carrying capacity of the structure of the building. The substrate
layer varies from 25 cm or thicker, and must provide sufficient water, nutrients,
and oxygen. The weight of intensive green roofs is usually more than 300 kg/m2

(Table 6.2).
The boundary between intensive and extensive green roofs is vague and

depends on perception. But a common rule of thumb is: non-accessible roofs with
low vegetation are extensive roofs and accessible roof gardens with high vege-
tation are intensive green roofs.

Fig. 6.8 Extensive sloped green roof (Berghem, Belgium)

Horizontal green

Extensive green roof
(drought resistant, low growing 

speed; sedum, herbs, grass)

Intensive green roof
(higher requirements for water and 

nutrients; trees, shrubs)

Fig. 6.9 Basic principles for a green roof strategy
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A green roof consists in essence of five different layers. The first layer on top of
the regular roof construction is the waterproofing layer or membrane (1). This
layer protects the roof against water leakages. Then there is a protection and
storage layer (2), which prevents plant roots from growing through the roof
package. This layer also keeps the whole green roof construction in place. The
drainage and capillarity layer (3) buffers rainwater and drains surplus water. The
root permeable filter layer (4) filters small particles out of the rainwater, to prevent
them from ending up in the water drainage system where they might lead to
blockages in the system. The final layer of the green roof is the growing media or
substrate layer (5), in which plants can root. The thickness of this layer partly
depends on the type of plants on the roof (Köhler et al. 2012). Table 6.2 gives an
overview of the general differences between green roofs and is adapted from
Köhler et al. (2012).

Brenneisen (2003) and Kadas (2006) conclude from their researches that green
roofs contributes to preserving the local habitat. Green roofs are mainly inhabited
by insects like beetles, ants, bees, and spiders. However, on some roofs uncommon
and even rare species of spiders and beetles have been discovered (Brenneisen
2005). Furthermore, Brenneisen (2007) found also differences between extensive
and intensive green roofs, as research done in Basel (Switzerland), shows that
mainly because of the thin substrate layer (extensive green roof) less species can
develop. A thin substrate layer is beneficial from a cost perspective, but for

Table 6.2 Overview of differences between extensive and intensive green roofs

Criteria Extensive Intensive

Field of
application

Flat or sloped roof up to 45�
(1–7 %)

Flat roof

Substrate
height (cm)

5–15 [25

Layers Multi-layered Multi-layered

Weight of
substrate (kg/
m2)

50–170 [300

Vegetation Drought resistant, low growing
speed, sedum, herbs, grass

Species with higher requirements for
water and nutrients, grasses, trees, shrubs

Use Habitat for animals Additional living space for people

Ecological compensation Recreation area

Rain water management Meeting area

Protection of roof material Local food production

Insulating capacity Insulating capacity

Water
retaining
capacity

ca. 30–70 % of the annual
precipitation

ca. 30–99 % of the annual precipitation

Maintenance Low High

Indication of
costs (€/m2)

20–30 [60
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biodiversity it is harder to establish on an extensive roof than on an intensive roof
(Brenneisen 2006). A variety of substrate thicknesses leads to different microcli-
mates, and provides a wider potential for different species to establish. But in
general can be stated that creating a green roof to foster biodiversity is a difficult
task. Construction method, selection, and storage of local soil to create suitable
substrate is crucial (Brenneisen 2006). Koster (2013) also emphasizes the
importance of the substrate layer for the establishment of bees and in particular
wild bees on green roofs. The composition of the substrate, the amount of nutrients
in the soils, and the humidity of the soil determine which plants can grow there.
For wild bees is the soil also directly important as nesting space, they especially
like to nest in sandy soils (Koster 2013).

6.5.3 Greening of Outside Walls of Buildings

The same advantages of vegetation on roofs can be described for greening systems
on walls. In recent years, different systems (Fig. 6.1) have been developed, like
greening direct on the wall, greening systems before the wall, and greening pos-
sibilities incorporated within the construction of the wall (Hendriks 2000). Despite
the range of possibilities there is still great hesitation in the building sector (from
the originator, designer, architect, to the builder and the user) to increase the
amount of outdoor wall greening. Probably mainly due to the possible disadvan-
tages: the need for extra maintenance, falling of leaves, chance of damaging the
wall structure, increase of the amount of insect and spiders in the house, and the
expected extra costs involved.

By allowing and encouraging plants to grow on walls the natural environment is
being extended into urban areas; the natural habitats of cliff and rock slopes are
simulated by brick and concrete. There is a widespread belief that plants are
harmful to building structures, ripping out mortar and prising apart joints with their
roots (Johnston et al. 2004). The evidence suggests that these problems have been
greatly exaggerated, except where decay has already set in and plants can accel-
erate the process of deterioration by the growing process. Certainly, there is little
evidence that plants damage walls. In most cases the exact of opposite is true, with
plant cover protecting the wall from the elements. Ancient walls still stand, despite
centuries of plant growth (Johnston et al. 2004).

The leaves of climbing plants on walls provide a large surface area, which is
capable of filtering out a lot of dust particles (particulate matter PMx) and other
pollutants such as NOx and taking up CO2 in daytime. Hard surfaces of concrete
and glass encourage runoff of rainwater into the sewage system. Many plants hold
water on their leaf surfaces longer than materials and processes of transpiration,
and evaporation can add more water into the air. The result of this is a more
pleasant climate in the urban area. Vegetation provides also nesting places for
birds such as, blackbirds, song thrushes, and house sparrows.
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6.5.4 Overview of Vertical Green: Green Facades
and Living Walls

Green façades, green walls, living walls, vertical green, and vertical gardens are
descriptive terms, which are used to refer to all forms of vegetated wall surfaces.
From the ground rooted traditional green façades and modern techniques to create
green walls ensure that fundamental differences arise in vegetation types. Basi-
cally, one can understand systems rooted into the ground and based on hydroponic
systems (not rooted into the ground). Green wall technologies may be divided
therefore into two major categories (Fig. 6.10), namely: rooted into the ground and
rooted in artificial substrates or potting soil.

Both basic principles can be classified according to their application form in
practice (Table 6.3). Within the categories a distinction is made between whether
if the greening system uses the façade as guide to grow upward (direct greening) or
if the greening system and the façade are separated with an air cavity (indirect
greening). The air space (cavity) between façade and greening system can be

Vertical green

Green facades
(rooted into the soil, climbers with 

or without supporting system)

Living walls
(rooted in artificial substrates or 
potting soil, modular systems)

Fig. 6.10 Basic distinctions between greening principles

Table 6.3 Overview of differences between green facades and living wall concepts

Criteria Green façade Living wall concepts

Field of application Sound barriers, facades
(of typically older structures)

Every façade or vertical surface
to create an ‘‘extra value’’

Rooting medium/
substrate

Subsoil Planter boxes, mineral wool,
foam or felt layers

Layers – Multi-layered

Weight of substrate – [50 kg/m2

Vegetation Self-climbers (common ivy,
boston ivy, etc.)

Climbers, shrubs, grasses, herbs, etc.

Use Aesthetical reasons
habitat for animals

Aesthetical reasons
habitat for animals
local food production
insulating capacity
ecological measure

Maintenance Regular/low High

Costs (€/m2) 30–45 250–1,000
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created by supporting systems, spacers, planter boxes, or by modular substrate
systems. Figure 6.11 shows differences between direct and indirect façade
greening and possible forms of their application.

The systems that are based on ‘‘artificial substrates and potting soil’’ principles
are dependent on irrigation systems and adding nutrients to the substrate. These
systems are known as living wall (LWS) concepts. Characteristic for this greening
principle is the use of planter boxes filled with artificial substrate/potting soil or
modular prefabricated panels equipped with artificial substrate. Additionally, an
irrigation system is needed to keep the green system in the right condition. The
used substrates and composition of living wall concepts can vary by manufacturer
of the product. In general, one can distinguish systems based on (Fig. 6.12). The
plants used for LWS are different type of evergreen small shrubs, offering much
more creative, and aesthetical potential (Figs. 6.13, 6.14, 6.15, 6.16 and 6.17).

From a functional point of view, most of the living walls systems demand a
more complex design compared to green façades; as a greater number of variables

rooted into the ground rooted in potting soil or artificial substrates

Fig. 6.11 Basic distinction between vertical green concepts, either rooted into the ground or
rooted in artificial substrates (like mineral wool, foam, etc.) or potting soil

Fig. 6.12 Typical configurations of LWS concepts (based on planter boxes, foams, laminar
layers of felt and mineral wool as substrate)
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must be considered, several layers are involved, and there are more supporting
materials, and control of water and nutrients must be carried out. Living wall
systems in fact are often very expensive, energy consuming, and difficult to
maintain (Ottelé et al. 2011a, b). Furthermore, it is also important to take also the
durability aspects of the systems into account. The durability of living wall

Fig. 6.13 Examples of green facades (rooted into the ground) left photo Dordrecht (The
Netherlands), right photo Frederikshaven (Denmark)

Fig. 6.14 Left indirect greening system based on climbing plants attached to the façade in
planter boxes. Right planterboxes system filled with small shrubs
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systems varies according to the type of system available. Living wall systems with
panels based on felt layers have an average life expectancy of 10 years, and living
wall systems based on planter boxes last more than 50 years. A thorough design
(details of window ledges, doors, etc.) is always necessary to avoid damages, as
corrosion or rot, caused by leakage of water and nutrients (Ottelé et al. 2011a, b).
The green layer also results in a shading effect, which reduces the amount of UV
light that will fall on building materials; since UV light deteriorates the material
and mechanical properties of coatings, paints, plastics, etc., plants will also have
an effect on durability aspects (Wong et al. 2009). Greening the building envelope
with living wall systems is a suitable construction practice for new building and
retrofitting (Ottelé 2011; Perini 2012). In both situations, it is possible to have a
higher integration within the building envelope by combining functionalities. For
example, in the case of the conventional bare walls constructed by several layers it
is possible to avoid building the outer façade element since the protection against
the environmental parameters is ensured by a living wall system. For retrofitting
projects an external insulation material can be easily covered with LWS panels
(Ottelé et al. 2011a, b).

Fig. 6.15 Cross section of a living wall system based on felt layers. Due to the minimum rooting
thickness very vulnerable for dehydration. Irrigation and nutrient system necessary

Fig. 6.16 Cross section of a living wall system based on mineral wool. Thicker rooting medium
resulting in more redundancy against dehydration. Irrigation and nutrient system necessary
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6.6 Conclusions and Reflection

In the previous article, the author attempted to demonstrate the value of reintro-
ducing vegetation to the surfaces of urban buildings and their related spaces.
The ecological and environmental benefits of a green building envelope include
the improvement of air quality and the reduction of pollution. The advantages are
mainly related to the reduction of fine dust levels (Ottelé et al. 2011a), increased
biodiversity (Köhler 1993), and reduction of the heat island effect in urban areas
(Taha 1997; Onishi et al. 2010). This occurs thanks to the lower amount of heat
reradiated by greened surfaces and humidity affected by the evapotranspiration
caused by plants (Scudo and Ochoa De La Torre 2003). This process also allows
indirectly to save considerable energy supplied to the building (Dunnett and
Kingsbury 2004; Köhler 1993) as the plants and the growing medium provide
insulation and shade, which can reduce, especially in the Mediterranean area,
energy needed for cooling (Wong et al. 2009). Besides these benefits, social and
economical advantages of greening systems are also involved, including: the real
estate market, greater durability of buildings, and the better psychological state of
citizens (Köhler 1993; Dunnett and Kingsbury 2004; Johnston and Newton 2004).

Fig. 6.17 Left photo example of a living wall (felt layers) attached to a façade in the inner city of
Antwerp (Belgium). Right photo living wall system in the inner city of Madrid (Spain)
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We have suggested that, far from being a radical or fashionable solution, this is
simply the reinterpretation of an approach with a long and distinguished history.

Before the full benefits of green buildings could be scientifically proven, the
principle was already accepted and practiced in cities all over the world. Green
building is most effective as part of an integrated green approach to cities. Such an
approach demands a much closer cooperation between architects, ecologists,
developers, and green planners than has so far taken place. The integration of
vegetation in the built space can be an opportunity to improve the environmental
conditions of dense urban areas and to reduce the energy demand of buildings,
especially in Mediterranean area due to its cooling capacity. This is an important
field to investigate considering the growing interest on these systems, which is not
only connected to a more sustainable approach to construction, but also to esthetic
intentions (Perini 2012).

To guarantee sustainable practices, benefits, and performances obtainable
thanks to greening systems, have to be considered along with the environmental
burden produced during the life span of greening systems, and with the possible
problems connected to maintenance demand. Also costs have to be considered for
a wider diffusion of these systems. Measurements carried out in the field by many
researchers show not only the potential of vertical green on the thermal perfor-
mance, but also under laboratory conditions (Ottelé 2011). The positive effect on
the thermal resistance (i.e., summer and winter) is mainly caused by the materials
used, extra cavity, water availability, and metabolism of the plant tissue. Through
(significant) less heat accumulation by the masonry in combination with evapo-
transpiration caused by the plant material, a positive effect to lower/mitigate the
urban heat island effect can be taken into account.

As discussed throughout the article, many aspects have to be considered to
avoid that green only plays an esthetic role with respect to sustainability. Char-
acteristics, components, and materials of vertical and horizontal greening systems
can have an influence on the environmental burden and environmental benefits,
etc. Some systems, as the living wall ones described, offer much more creative and
aesthetical potential, but due to the material used and durability in some cases
cannot be considered as sustainable. Material choice and durability aspects are
important (environmental impact) when the energy demand of a building can be
reduced or when the multifunctionality of the construction due to the integration of
vegetation can be increased. These aspects have been considered also through a
life cycle analysis (Ottelé et al. 2011a, b). As suggested by Henry and Frascaria-
Lacoste (2012) the adoption of LCA analysis for the labeling of green products
could increase their use since it has the potential to boost the confidence of
consumers. Therefore, this could lead to particular focus being placed on specific
green elements, which could potentially further homogenize natural features
within cities, with possible negative impact on other benefits of green, such as
biodiversity (Henry and Frascaria-Lacoste 2012). However, a LCA could lead to
deeper consideration by manufacturers of the environmental burden produced by
their systems to improve the balance between benefits and burden for a more
sustainable built environment.
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To stimulate biophilic design in architecture modern greening concepts as
vertical gardens and green roofs, should be considered as a ‘‘building material’’
with multifunctional properties (ecological, social, mitigation of urban heat, etc.)
compared to our traditional cladding and roofing materials (masonry, concrete,
marble, glass, bitumen, etc.). Material choices are often underestimated by
designers, manufacturers of greening systems, and architects. An optimal balance
have to be found between durability aspects, materials really needed (also by mass,
i.e., in this case less is more!) service life, and lifespan. In the case of a new design,
try to integrate a greening concept into the building envelope instead to add an
‘‘extra’’ green layer to a conventional solution. Besides, it is mandatory to be
aware of the cooling and insulation potential of green structures related to energy
savings, it contributes to a lower energy demand at the building level, and must not
be underestimated. This ‘‘total’’ awareness, which is related to a wider research in
this field, will lead to a more eco-friendly and sustainable design of cities.
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Chapter 7
Architectural Bio-Photo Reactors:
Harvesting Microalgae on the Surface
of Architecture

Rosa Cervera Sardá and Javier Gómez Pioz

Abstract This chapter presents innovative construction systems developed by the
authors, integrated into the surfaces of cities and architecture—facades, roofs and
pavements—giving them a supplement to traditional construction, aesthetic and
enclosure, for the production of bio-energy. These systems allow the movement of
fluids with microalgae, becoming Architectural Photo-Bioreactors that, by
absorbing sunlight and converting it through photosynthesis of microalgae, pro-
duce biomass, biogas, bio-fertilizers and other value-added products to the pair
that captures CO2. The grand innovation of the project is the combination of two
fields, constructive and biological, highly disruptive and uniquely for a sustainable
city in a holistic view of energy, for growing algae in architecture.

7.1 Introduction

7.1.1 Urban Consumption and Ecological Consciousness

The awareness that humanity is throwing away at a vertiginous speed the heritage
for which the Earth needed millions of years to accumulate is something really
new. During the recent times a barbarous attack against the environment has been
constant. However, all these consequences were welcome as the advanced society,
in exchange, reached degrees of comfort and welfare unknown until then. It is now
in the first decades of the twenty-first century when ecological attention extends to
all scales, making us conscious that the city is one of the big focuses of energy
consumption, of land use and one of the biggest sources of polluting emissions.
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The surprising growth of urban settlements runs in parallel with the surprising
waste of our resources and of our energy that the above demand, generating thus
an imbalance between the availability of production in Nature and the capability of
plunder of the environment by humans. With more than half the world’s popu-
lation living in cities, it is crucial to reduce greenhouse gas emissions and a new
model of city is required.

7.1.2 City as an Energy Bio-Factory: Cultivating Algae
on the Surface of Architecture

Reliance on energy is at the core of twenty-first century society. There is a steady
increase in demand and a foreseeable shortage of supply set to worsen as existing
resources continue to be drained. Consequently, a change in existing habitat
models is vital. According to this statement Cervera and Pioz architects have
researched on a new proposal with an aim to transform the envelope or surface of
our buildings and cities into ‘‘Energy Factories’’. The purpose is to combine the
regeneration, reutilisation and rehabilitation of existing urban fabric with the
creation of freshly conceived green building typologies able to generate energy on-
site and to establish a self-sustaining 24 h multifunctional city area. As per the
notion of ‘‘redefining what is possible in the places we live and work and play’’,
Energy Factories suggest a timely holistic approach that defies the detrimental
belief in continuously consuming the new and discarding the old, which rates so
high in environmental costs.

Research on algae is a field of growing interest, development and experimen-
tation in the world and is presented as a valuable alternative to meet the needs of
mankind in the twenty-first century. The using of living matter as part of the
construction and use of buildings as a base or support for the cultivation of living
matter is a promising path that now begins its journey. The works presented here
come from the project entitled ‘‘VIDA-BIOCAS, A Bio Self-Sufficient City from
Algae’’ developed by a consortium of companies specialized in energy, algae
cultivation and, in our case, innovative sustainable architecture. This long-term
and large scope project (13 companies, 4 years and 18 million euros)1 is co-
financed by the Spanish Government as a result of a competitive process and opens
highly groundbreaking proposals that overcome the current technology of mic-
roalgae production in architecture, still at a very initial stage (Fig. 7.1).

The basis of the proposal is the combination of the living with the inert, the
biological with the architectonical, giving rise to a new concept that could be
baptized as ‘‘Living Architecture’’. The project is based on the integration of:

1 www.cenitvida.es.
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• On one hand, algae, as autotrophic organisms, collectors of carbon, hydrogen,
oxygen, nitrogen and phosphate and producers of sugars, fats, proteins, nucleic
acids, enzymes, vitamins and oxygen, and therefore, the raw material for food
manufacturing, both human and animal; medicines; bio-energy; biomass; bio-
fertilizers, etc., and secondly, as heterotrophic organisms, acting as purifying
agents of contaminants.

• On the other hand, current technologies for building surfaces and architectural
envelopes (facades, roofs, floors, etc.) and the available materials, combined in
solutions capable of conducting liquids with microalgae, CO2 and nutrients and
able to allow the passage of light for photosynthesis and conversion of solar
energy into other energy.

The proposal presented here has therefore considerable impact on the way we
must design our buildings and cities. There is an increasing need to gain self-
sufficiency in architecture and cities in order to move on from ‘‘cities that con-
sume’’ to ‘‘cities that produce’’. The search for innovative alternatives is on, and
includes the emerging technology of microalgae cultivated via photo-bioreactors.
Architecture has become susceptible of taking on the role of a Bio-Factory for
energy and food and other products.

Enclosed surfaces of buildings are increasingly versatile for balancing their
enclosure with other function such as to capture energy or CO2. This vision of
multi-functionality of architecture has a dual contribution as it benefits the society
to use the architecture for a function of energy and environmental value in addition
to their usual constructive missions and providing greater benefits like building

Fig. 7.1 A bio self-sufficient city from Algae (R. Cervera and J. Pioz)
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insulation. The great potential of this project is the transformation of cities into
sustainable, holistic energy environments. Thus a technology becomes tangible
global awareness by inversion of I + D + i.

7.2 An Overview on Microalgae Photo-Bioreactors

7.2.1 What Is a Microalgae Photo-Bioreactor?

The photo-bioreactors piping systems consist of water with algae, nutrients and
CO2, whether these are in closed tubes or well sandwiched or in an open pond,
provided with materials that let light to penetrate for the process of photosynthesis
(Figs. 7.2 and 7.3).

An alga effectively uses the sunlight by capturing its energy by means of the
photosynthesis process that converts inorganic matter into simple sugars. There are
two principal methodologies used for its cultivation: ponds or open systems and
closed photo-bioreactors. Cultivation in ponds is the cheapest method, although is
less efficient and not easily controllable. Whereas for closed photo-bioreactors, the
plants are grown in a controlled environment. For maximum efficiency photo-
bioreactors need to be cleaned from time to time, which means it is to be thor-
oughly distributed dividing into sectors or modules that could be easily main-
tained. As mentioned above, in both cases, what exactly the algae require are
sunlight, water with nutrients and CO2. Algae could be harvested when fully
grown by separating the slurry parts from the water, then pressing to be followed

Fig. 7.2 Industrial microalgae photo-bioreactors, Alga Energy company installations (Provided
by Alga Energy)
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by centrifugation. As a result of this process, we are able to get products like algae
oil and biomass.

One of the major advantages that algae inculcate is a rapid growth rate that
generates a full crop cycle every 24 h. The biomass it produces can truly become a
valuable alternative to that of cereals or other products used for several purposes
by humans. Although things are gradually improving, the current production cost
for oil and bio-fuel is comparatively expensive, so economically speaking it can
hardly stand as a competitive fuel option. The potential area where microalgae
cultivation can be widely accepted and developed is that of highly valued phar-
maceutical products, foods and cosmetics, all of which offer excellent value for
money. And now new fields of application are coming for bio-energy, bio-fertil-
izers and to capture CO2.

7.2.2 What Is an Architectural Photo-Bioreactor (A-PhBR)?

The A-PhBR, Architectural Photo-Bioreactors, are photo-bioreactors similar to the
industrial ones, and in the same way, fulfil the functioning of cultivating micro-
algae, leading the same energy needs and benefits of producing added-value
products, clean energy, environmental improvement, etc.

Fig. 7.3 Schematic diagram of overall microalgal cultivation system with a developed vertical
tubular photo-biorreactor (Yoo et. al. 2013)
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The big difference is given by its ‘‘Architecture’’ specificity. The innovation is
its integration into architecture. This makes the industrial element transform into
architectural and vice versa. The synergy generated by summation ‘‘profits’’ turn
the architecture into iconic, environmentally didactic, active energetically, surface
saving and environmentally friendly, all with minimal increase of their cost, that
is, with very low investment and high returns.

In short, this is a new reinterpretation of industrial algae photo-bioreactors to
become ‘‘skin’’ or constructive architectural surface. That is to say, to turn the
‘‘back-stage’’ production to the ‘‘front-row’’, converting the up to now industrial in
a new type of outer layer of the architectural envelope with important additions to
energy level and environmental values.

The architectural photo-bioreactors are integrated, in addition, in a complete
system that involves collecting the algae, which implies a duct with impulsion of
water with microalgae, nutrients and CO2 and then collecting the production of
microalgae, with the help of storage tank and centrifuge and other deposits
according to the final product to be obtained from algae. All with the appropriate
control system, automation and monitoring of the cultivation process (Fig. 7.4).

As a particular feature for the integration of photo-bioreactors with the build-
ings, the overall described system can be combined with other specific construc-
tive systems to obtain added benefits as described below:

• The water supply system may be combined with the system of sewage col-
lection, since they provide precisely the chemicals and nutrients needed for
algal growth. Thus it produces a closed water cycle so that the grey water can
be commonly drained into the sewage system which could be now recycled, to
minimize the impact on the sewerage.

• The system to supply the CO2, which is necessary for the growth of algae, can
come from all the machinery in a construction producing CO2, so that instead
of emitting CO2 in the free environment, these emissions could be let in a
closed circuit which goes to the cultivation of algae.

• This system is also capable of combining with CO2 from power plants or
industries in a symbiotic process.

• The algae photo-bioreactor also can be converted into an excellent insulator for
architecture which can replace the usual insulators. It can modify the building
systems to replace the traditional ‘‘fill’’ insulation of external walls by the outer
layer of the construction formed in this case by the photo-bioreactor itself and
water containing organic material, acting this thermoregulatory and as
insulation.

The diversity of types of construction requires specific technology proposed for
each type of building and constructive circumstance or environment. And in turn
the various materials offer opportunities for a range of solutions that are addressed
in this project.

The new approach provides a number of tangible and intangible benefits that
make the product unbeatable and highly competitive in various ways.
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• The A-PhBR, to be integrated into the architecture and urban real estate, do not
consume space or territory, reducing the footprint of farming and therefore
having an ethical attitude in biomass production.

• Installation costs are much lower than the industrial PhBR as for the A-PhBR,
as part of the enclosures or architectural envelopes, are amortized over their
own constructive role.

• The A-PhBR consumes CO2 in the city itself, helping to improve the air quality
wherever needed.

• It has aesthetic and extraordinary iconic value, which is assessed by the
combination of the two functions, architecture and culture, causing the actual
value (i.e., values that are willing to pay companies and institutions for it)
which is equivalent to the enclosures with very high end (e.g. curtain walls).

Fig. 7.4 Building installation for A-PhBR (R. Cervera and J. Pioz)
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This makes associated facilities also depreciated. Considered in this way, the
cost of A-PhBR would be amortized from the first minute construction.

• The educational value of the A-PhBR has a remarkable aspect, showing society
the life cycle of the algae and promoting environmental awareness.

• Contribute to the image and positioning of ecological spirit, which is an
intangible that many organizations appreciate.

Cultivation of microalgae in architecture on one hand makes or produces and on the
other reduces or minimizes. What biomass provides is biomass that can be used to
obtain different products depending on the conditions of cultivation and further pro-
cessing. The microalgae biomass can be the basis for production of biogas and elec-
tricity through co-generation; which can be transformed into value-added products,
such as pharmaceuticals, cosmetics and alimentation for humans and animals; can be
used as bio-fertilizer and bio-stimulant in the agriculture and, ultimately, through a
process of further development and still uncompetitive, in bio-fuel. Subtractive or
fundamental action -minimizing algae and is unchecked technology to other renew-
able—is its ability to capture CO2 and sink effect. Other qualities to be considered are
those relating to the ability of algae to purify water, thus contributing to the cycle of the
same, and for your help to save energy by thermal regulation as a living organism. All
this makes the A-PhBR today really economical, ecological alternative, and valuable
image, which is competitive for medium to large spaces, especially recommended two
market segments such as public institutions and large companies (Fig. 7.5).

7.3 Building Scenarios of Application for A-PhBR

The city presents various opportunity scenarios for integrating bio-energy pro-
duction and various other products from algae. The greatest potential for insertion
of photo-bioreactors is in buildings; however, the urban scenario also offers
interesting opportunities as described below:

Fig. 7.5 Contributions and reductions in the use of microalgae (R. Cervera, J. Pioz)
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1. In the case of architectural surfaces (Fig. 7.6):

a. A-PhBR over building facades: They are developing from the model of
closed circuits photo-bioreactors and always from materials that allow the
passage of light: glass, metacrylate and various plastics, ETFE, etc.; over
the assumptions of standard construction.

b. A-PhBR forming the facade by themselves. In this case we refer to curtain
wall facades and glass bricks facades.

c. A-PhBR that overlap existing facades. Can be conceived as circuits attached
to opaque walls, as if it were an outer layer of the facade, or as circuits and
louvers on glazed exterior walls.

d. A-PhBR on building roofs: In this case the photo-bioreactor system in an
open pool.

2. In the case of urban scenario (Figs. 7.7 and 7.8):

a. As urban pavements, semi-closed circuit type, allowing people walking and
at the same time cultivating microalgae.

b. As ponds and fountains.

Fig. 7.6 A-PhBR integrated
on building surfaces and
louvers (Design by R.
Cervera and J. Pioz)
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c. As street furniture, i.e., marquees and canopies.
d. As CO2 urban capturers, near industries, polluting activities or places

producers of large amounts of CO2.

A considerable aspect of these solutions is their ability to function both in new
buildings and already built ones, especially those that are not up to current stan-
dards of thermal and acoustic insulation. For the latter, the A-PhBR not only
involves an ‘‘active’’ energy advantage (energy production) but also a ‘‘passive’’
(insulation and energy saving), which makes it especially competitive its
incorporation.

The diagrams shown have been designed with this dual functionality: can be
fully adapted to all constructive technologies available today and at the same time
work as a complement of any type of construction of any period, since they can be
added as layers.

This means that the use of algae in facade and roof is an effective tool for real
reform at a time when we need more the re-building than the new-building. In
short, this is a particularly novel strategy of ‘‘recycling the city’’, one among others
that our team has been studying and publishing for years.

We must also highlight the fact that they can be applied to both the scale of the
building or cluster of buildings or even neighborhood. The higher the scale is the
larger the yield energy production and profitability of the whole.

Fig. 7.7 Photo-biorreactor urban trees (Design by R. Cervera and J. Pioz)
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7.4 Molded Translucent Glass Blocks: Photo-Bioreactor
in Facades

As a particular case, we would like to show a single application of Ph-BRA that
has produced a patent and is able to form a facade. It is a modular system of
hollow glass with double sided translucency, moulded with high mechanical
strength, forming a duct system with closed loop, which can form facades of
buildings and that allows the circulation of fluids inside a mode of photo-bioreactor
for cultivating microalgae. Depending on its size, the modules form a single duct

Fig. 7.8 Photo-biorreactor integrated in the street furniture, canopies (Design by R. Cervera and
J. Pioz)
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or through inner plates of glass or plastic that separates its interior into two or more
chambers, multiple conduits and are designed so as to allow the modular coupling
with each other by fasteners bayonet, and passage through those conduits, with
pure liquid, a solution of algae or detergent for cleaning, and the entry of essential
nutrients and carbon dioxide for photosynthesis, allowing the output of liquid with
algae and oxygen in photo-bioreactors is a waste product (Figs. 7.9 and 7.10).

The system is complemented by the technical elements of water supply, mic-
roalgae, nutrients and CO2 and harvested, including nutrient reservoir, preparation
tank, collection tank, gas treatment unit, wastewater treatment unit and a control
and electrical system.

Fig. 7.9 Glass block photo-biorreactor. Technical details (Patent by Rosa Cervera, Javier Pioz
and Antonio Ruiz de Elvira)
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The advantage of this system is that the façade itself, with no added external
building or constructive elements, combined with biological products can function
as a photo-bioreactor. In short, biomass is grown within the architectural con-
struction itself. This significantly reduces the price of A-PhBR because with
certain modifications, it is the facade itself that acts as an industrial A-PhBR.

Thus, the facades of molded glass or glass block, thanks to its transformation
into A-PhBR, acquiring an iconic value converting into a facade of high value
comparable to very high end range, while maintaining a very competitive price in
the market.

The system is complemented by the technical elements of water supply, mic-
roalgae, nutrients and CO2 and harvested, including nutrient reservoir, preparation
tank, collection tank, gas treatment unit, wastewater treatment unit, as a control
and electrical system.

Technical equipments vary by product obtained from cultivation of microalgae.
Biomass obtained from the architectural photo-bioreactors can get heat energy
from the biogas from the anaerobic digestion of biomass, which can obtain elec-
trical energy from cogeneration of biogas and producing different products. The
products obtained depend on the degree of processing and control. The least
amount of intervention required is fertilizers, and then with an intermediate degree
of processing are agricultural bio-stimulants. At the other extreme, i.e. with high
quality processing control, are value-added products such as medicinal and those
for human consumption. Depending on the treatment capacity of the biomass, it
will choose one product over another (Fig. 7.11).

In general, we can say that with a system under control and processing is
feasible to produce heat and electricity for self consumption. The system is viable
from 500 m2 of facade photo-bioreactor and advisable for areas of 1,000 m2 on.
From this measure the economic impact of the transformation of the facade photo
bioreactor has very low impact (Fig. 7.12).

Fig. 7.10 Glass block photo-biorreactor. Lab tests
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Today, the most profitable product obtained from the microalgae is bio-fertil-
izer and agricultural bio-stimulants with almost immediate return on investment.
We must take into the consideration that the level of energy that balances chemical
fertilizers, especially nitrogen, is responsible for a large part of energy con-
sumption in agriculture. In particular, we can say that in developing countries
fertilizers account for up to 70 % of total energy consumed in agriculture and in
developed countries up to 40 %. Specifically in Spain the impact of bio-fertilizers
in agriculture is 45 %.

7.4.1 Horizontal Photo-Bioreactor for Roof and Urban
Fountains: Covered

This system is easily applicable to sources or urban landscaped ponds and trans-
forming these elements in microalgae photo bioreactors. It is an innovative
combination of cultivation of microalgae in building systems with indoor archi-
tectural function for energy and other products from biomass and microalgae and
the fixation of CO2 and improvement of the water cycle (Fig. 7.13).

The system supports the cover with simple and inexpensive materials such as
plastic film. In this case it becomes semi-closed photo-bioreactor with a slight
increase in productivity.

It is a shallow pool built by waterproofing sheet and piping system for water
supply, nutrients and collecting the harvest. The contribution of CO2 from the
atmosphere may come or be brought directly.

Fig. 7.11 Glass block photo-biorreactor. Diagram (R. Cervera and J. Pioz)
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We present a real project designed to be built on the outskirts of Madrid, is an
urban fountain to be implanted in a roundabout. It is a type Open Pond photo-
bioreactor formed by circular ponds with stirring blades in the centre to ensure the
movement of the crop. The source also has decorative elements that in turn work
with the operation of the photo-bioreactor as water curtain arches with LED lights
(Fig. 7.14).

The source moves a volume of 23 m3 of water with algae and achieves bio-
fixation every year to about 337 kg/year, which represents emissions of a gasoline
car that travels at about 1,700 km (Fig. 7.15).

Fig. 7.12 Comparison between costs, application and surfaces (R. Cervera and J. Pioz)
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Fig. 7.13 Horizontal photo-bioreactor for roofs (Design by R. Cervera and J. Pioz)

Fig. 7.14 Horizontal photo-bioreactor for fountains (Design by R. Cervera and J. Pioz)
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7.5 Conclusions

The proposal presented by the authors develops innovative prototypes of photo-
bioreactors, integrated into the surfaces of cities and architecture—facades, roofs
and pavements. Through this we are producing energy up to 10–15 % of a total
energy consumption of a building. Parallely we are capturing CO2 emissions in the
place where those emissions are produced, being algae the only source of
renewable energy able to fix carbon dioxide. The additional benefits are saving of
land for algae cultivation, reducing urban temperature by self-thermoregulation
and increasing architectural insulations—up to 10 % because of the effect of
water. In this fashion, the architecture itself becomes an energy producing enve-
lope, thus becoming a recycling form of architecture and introducing the nature
into urban landscape.
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Chapter 8
Reducing Indoor Air Pollutants Through
Biotechnology

Fraser R. Torpy, Peter J. Irga and Margaret D. Burchett

Abstract Indoor environmental quality is a growing concern, as populations
become more urbanised and people spend a greater proportion of their lives
indoors. Volatile organic compounds outgassing from synthetic materials and
carbon dioxide from human respiration have been major indoor air quality con-
cerns. The growing use of energy-efficient recirculating ventilation solutions has
led to greater accumulation of these pollutants indoors. A range of physiochemical
methods have been developed to remove contaminants from indoor air, but
all methods have high maintenance costs and none reduce CO2, which some
biological systems can achieve effectively with the additional benefit of the self-
sustaining capacity of biological material. Bacteria are the major organisms
involved in bioremediation of VOCs, although green plants may help sustain the
bacterial community and add the capacity for CO2 reduction to a system. The main
problems faced by indoor air bioremediation systems is the extremely low con-
centrations of VOCs present indoors and the possibility of microbial release.
Simple, passive biofiltration with potted green plants may be the simplest and most
effective system for indoor air cleaning, but further research into substrate types,
ventilation, and the microbiology of biodegradation processes is required to reveal
their ultimate potential. Purely microbial systems have potential for the bioame-
lioration of high concentrations of toxic gases, but not without significant main-
tenance costs. Despite many years of study and substantial market demand, a
proven formula for indoor air bioremediation for all applications is yet to be
developed.
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8.1 Growing Concerns About Indoor Air Pollution

As a result of the ongoing urbanisation of the Western world, around 80 % of
people now live in urban areas, where around 90 % of time is spent indoors
(Newton 2001; Environment Australia 2003). The quest for sustainable urban
communities must therefore include the achievement and maintenance of a healthy
‘building ecology’. Thus urban air pollution (UAP) has become a worldwide
health concern. Ninety per cent of UAP comes from fossil fuel emissions, com-
prising a mixture of carbon dioxide (CO2) and monoxide (CO), nitrogen oxides
(NOx), sulfur oxides (SOx), volatile organic compounds (VOCs), ozone and fine to
very fine particulate matter (PM10 and PM2.5).

Global healthcare and associated costs due to outdoor air pollution have been
estimated at US$828 trillion for developed countries, while indoor air pollution costs
for these countries is likely to be just under US$90 trillion (Hutton 2013). Health
costs associated with indoor air pollution may be as high as US$9.4 billion in the USA
alone, leading to as many as 150,000 mortalities per year (Guieysse et al. 2008).

The air quality of indoor spaces has now become a dominant heath concern
(Brown 1997; WHO 2000; Environment Australia 2003). Indoor air quality (IAQ)
has been designated as a significant health concern in both the USA and Europe
(Morey et al. 2001; Bernstein et al. 2008a). Although not generally recognised,
indoor air pollution is almost always higher than outdoors. This is because as
outdoor-sourced contaminated air enters through natural or mechanical ventilation
systems, it mixes with indoor-sourced pollutants, in particular VOCs outgassing
from synthetic furnishings, finishes, paints, solvents and other materials derived
from petrochemicals (Environment Australia 2003; Sakai et al. 2004; Barro et al.
2009; Chan et al. 2009), and higher CO2 concentrations produced by human
respiration and gas appliances (Norbäck and Nordström 2008). The tendency of
buildings constructed since the worldwide oil crisis in the 1970s to be sealed
against the outside environment and rely wholly on mechanical ventilation for air
replenishment has exacerbated problems associated with pollutant concentration in
indoor air. This issue is discussed further in Sect. 8.2. Unless or until such time as
a return to primarily natural ventilation becomes the norm, there is a critical need
to develop means of maintaining a habitable indoor environment, whilst simul-
taneously improving building energy use and lowering greenhouse gas emissions
in an increasingly energy aware world. Hence it would appear that biological,
botanical and biotechnological approaches to solving this growing problem are the
most promising avenues to follow.

8.2 Current Practice

Replacing contaminated indoor air with outdoor air by increasing building ven-
tilation rates is the simplest and probably most effective means of improving IAQ.
A key reason that IAQ is increasingly becoming a major concern is the increasing
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reliance in modern buildings on heating, ventilation and air conditioning systems
(HVACs) for the maintenance of thermal comfort, and a growing dependence on
reducing ventilation rates to save energy. Since the 1970s, building designers have
increasingly sealed buildings to reduce energy expenditure from having to adjust
the temperature of outdoor air used for ventilation (Darlington et al. 2000). To
maintain IAQ, building designers have come to rely on HVAC systems to recir-
culate indoor air (Fadzli Haniff et al. 2013) with a greatly reduced outdoor air
dilution level, leading to the accumulation of VOCs and CO2. Noise, security and
declining outdoor air quality are other reasons that increased outdoor ventilation
is declining as a means of regulating IAQ (Guieyesse et al. 2008). If these
low external ventilation rates are to be maintained, air cleaning technology
will become essential for maintaining adequate IAQ whilst reducing energy
expenditure.

8.3 The History of Bioremediation of Indoor Air

The early impetus for developing biological systems to mitigate the deterioration
of IAQ came from space research, in particular the move to develop long-term
habitations outside of the earth’s atmosphere. ‘Biological life support systems’
(BLSS) have been proposed over a number of decades as a means for supporting
sustainable human habitation in the vacuum of space (e.g. Myers 1954).

Early studies on potted plants and air-pollution reduction were carried out by
Wolverton and colleagues for NASA and, subsequently, for the US Interior Plant
Growers Association (Wolverton et al. 1984, 1989). These studies investigated
potential uses of potted plants in space stations. It was found that these plants
could absorb substantial concentrations of the VOCs formaldehyde, trichloroeth-
ylene and benzene from chamber air (Wolverton et al. 1984, 1989). Wolverton
(1997) subsequently conducted screening chamber studies of the VOC removal
ability of 50 indoor plant species, and found they all showed some capacity to
reduce VOC concentrations. This early work was developed by Wood et al. (2002)
and Orwell et al. (2004, 2006), who established that it was the microflora asso-
ciated with the growth substrate, rather than the potted plant itself that was the
active component of the system for removing VOCs. These studies demonstrated
VOC (benzene) removal by potted plants at very high rates for initial VOC con-
centrations of up to 163,000 lg.m-3, and also at more indoor air realistic levels
of *800 lg.m-3 for n-hexane, toluene and xylene.

Numerous further laboratory test-chamber studies demonstrated the potential for
significant improvement in IAQ through the passive use of potted plants, and, to
date, approximately 200 species have been tested for VOC removal capacity, all
with positive results (e.g. Liu et al. 2007; Yang et al. 2009; Kim et al. 2008).
However a number of criticisms have appeared in the literature, in particular chal-
lenging the validity of extrapolating static chamber data to real-world environments,
most notably regarding the capacity of passive potted plants to quantitatively
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influence the extremely low normal airborne concentrations of VOCs in most
indoor environments (e.g. Llewellyn and Dixon 2011; Soreanu et al. 2013). Simple
potted plant based-biolfiltration systems, nonetheless, clearly have the potential to
be effective in the built environment. In a large study of university offices, Wood
et al. (2006) demonstrated that the presence of an indoor plant was associated with
significant reductions in ambient total volatile organic compound (TVOC) levels.
Unfortunately, there has been little subsequent research performed under field
conditions to test the efficacy of passive potted plant systems, and possibly as a result
of this, active, and other biofilter type systems have dominated the research in this
field in more recent years.

8.4 Indoor Air Pollutants

8.4.1 Volatile Organic Compounds

Of the different types of indoor air pollutants, VOCs have received the great
majority of research attention. Even at imperceptible levels (\200 ppb), mixtures
of VOCs are thought to cause symptoms of ‘sick-building-syndrome’ or ‘building-
related-illness’ (Jaakola et al. 2007; Liu et al. 2007; Epstein 2008).

VOC is a general term encompassing various classes of carbon-containing, low
boiling-point compounds that are gaseous at room temperature. The combination
of VOC sources within buildings result in the occupant typically being exposed to
50–300 different VOCs, at levels usually in the lg/m-3 (or ppbv) range (Bernstein
et al. 2008b). VOCs have been linked to an array of adverse health responses. Even
at levels well below human perception, VOCs can contribute to symptoms that
resemble those of SBS, and at high levels have the potential to be hematotoxic,
neurotoxic, leukemogenic and, in the case of some compounds, such as benzene,
also carcinogenic (Vaughan et al. 1986; Wallace 2001; Wolkoff and Nielsen
2001). The review of Guieysse et al. (2008) provides a detailed review of the
health effects of indoor VOCs. Whilst there is some debate as to the magnitude of
the health effects of lg/m-3 concentrations of VOCs on building occupants
(Wolkoff 2013), and how those effects vary with different VOC mixtures and
relative concentrations, it is generally accepted that exposure to VOCs indoors has
significant negative health outcomes.

Apart from the occasional report documenting trivial VOC removal capacity by
plant tissues (Kim et al. 2008, Treesubsuntorn and Thiravetyan 2012), or bacteria
on the leaf surface or phyllosphere (Sandhu et al. 2007), the quantitative biore-
mediation of VOCs is now generally accepted to primarily occur through root zone
microbial activity (Wood et al. 2002; Orwell et al. 2004; Kim et al. 2008), where the
VOCs are used directly as carbon sources by microorganisms. One of the primary
challenges for the biological removal of VOCs is that alone, their concentrations in
indoor air are probably insufficient to sustain microbial growth (Guieyesse et al.
2008). Thus major efforts in the development of biological processes to ameliorate
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VOCs in indoor air have targeted means to expose active, contained microbial
communities or populations to large volumes of air. With the high airflow rates
required with such systems, the release of microorganisms back into the air has
been recognised as a potential concern for microbial air remediation processes (see
Sect. 8.12).

8.4.2 Carbon Dioxide

Indoors, excess CO2 is produced mainly by human respiration. It is not normally
considered to be a toxic air contaminant, but with increasing levels above the
current outdoor ambient concentration (currently *397 ppmv; Tans 2014) it can
act as a simple narcotic, and has been associated with adverse symptoms related to
the mucous membranes (dry eyes, sore throat, nose congestion, sneezing) and to the
lower respiratory tract (tight chest, short breath, cough and wheezing) (Erdmann
and Apte 2004). At concentrations between 2,500 and 5,000 ppmv, CO2 can cause
headache, with serious health consequences arising at concentrations greater than
50,000 ppmv (Milton et al. 2000; Harris and Moore 2009; Gurjar et al. 2010). It is
well known that elevated CO2 concentrations in office buildings are associated with
increased illness symptoms among occupants (Milton et al. 2000; Erdmann and
Apte 2004; Seppänen and Fisk 2004), and student academic performance and
workplace productivity have both been shown to decline with increased CO2 levels
(Bakó-Biró et al. 2004; Seppänen et al. 2006; Shaughnessy et al. 2006). In most
cases, inadequate building ventilation system is found to be the cause of CO2

accumulation indoors (Redlich et al. 1997). The American Society of Heating,
Refrigeration and Air-Conditioning Engineers (ASHRAE) recommends that the
maximum concentration of CO2 should not exceed 1,000 ppm (ASHRAE 2011), but
even at this level some reductions in workplace performance can be expected.

The bioremediation of indoor CO2 has received limited research attention,
although several studies have tested the potential of indoor plants for mitigating
excess CO2. Oh et al. (2011) demonstrated chamber CO2 reduction capacity for
three indoor plant species. Pennisi and van Iersel (2012) examined the CO2 draw-
down capacity of common indoor plants and concluded that the limited photo-
synthetic rate of indoor plants would lead to the necessity for an impractical
volume of indoor plants to make a substantial difference to indoor CO2 levels.
Contrasting with these results, Tarran et al. (2007) performed a study using city
offices and found that three or more potted plants were associated with a 10 %
reduction in CO2 concentrations in an air-conditioned building, and a 25 %
reduction in a non-air-conditioned building. The greatest potential use of phyto-
technology for CO2 mitigation thus possibly lies in replacing a proportion of a
building’s ventilation system, and thus saving energy. It has been estimated that
the use of appropriate green plant design could reduce HVAC energy loads by
10 % (Afrin 2009), whilst Rodgers et al. (2012) estimated an 86 % energy saving
from an active ‘Biowall’ system.
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Torpy et al. (2014) performed further chamber experiments, revealing that by
manipulating the light level and plant species the net efficiency of the botanical
CO2 mitigation system could be significantly improved, although it was also noted
that due to the respiration of substrate, microorganisms can reduce the potential
effectiveness of any plant-based CO2 removal system. Irga et al. (2013) detected
improved CO2 removal efficiency by replacing the potting mix substrate with
hydroculture medium, which also lead to a slight reduction in the VOC removal
efficiency of the system. Future research to determine the practicality of biological
CO2 mitigation may involve green wall technology, as the higher density of
photosynthetic material, along with the ease of increasing light intensity and thus
photosynthetic rate should improve the effectiveness of the system.

8.4.3 Other Pollutants

There are a range of other indoor air pollutants that can lead to health problems,
notably NOx, SOx, ozone, radon and particulate matter including bioparticles such as
mould spores, suspended bacteria and viruses and microbial cell components (Harris
and Moore 2009). Whilst the biotechnological mitigation of pollutants other than
CO2 and VOCs have received little research attention, indoor plants have been
shown to have removal capacity for NO2 (Coward et al. 1996; Yoneyama et al.
2002), ammonia (Yoneyama et al. 2002), SO2 (Lee and Sim 1999), ozone (Elkiey
and Ormrod 1981) and particulate matter (Lohr and Pearson-Mims 1996). Whilst
industrial processes for the reduction of many other pollutants are well known, the
potential for the abatement of these materials indoors is currently undeveloped, and
will undoubtedly receive growing attention in the future. The generation of
microbial air pollution is often claimed as a major drawback to the use of biological
air quality mitigation systems. This aspect will be discussed in Sect. 8.12.

8.5 Physiochemical Versus Biological Methods

Much of the conceptual understanding on the advantages and disadvantages of the
competing physiochemical and biological systems has once again come from space
research. The key driver for such applications is based on Equivalent System Mass
(ESM) estimates, whereby projections are made on the duration of space habitation
required for a biological system to become more efficient on a system weight basis
than the mechanical, physiochemical alternatives (Bamsey et al. 2009). It is gen-
erally thought that sustained human presence outside of the earth’s atmosphere will
require BLSS, owing to their subsidiary value in food and water production, along
with atmospheric management (Bamsey et al. 2009). Direct technology transfer
from this research has led to the development of biofilters which have been installed
in several public buildings in Canada (Bamsey et al. 2009).
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Sorption filtration is the most commonly used air cleaning process (Chen et al.
2005). It involves the removal of pollutants (typically VOCs) by adsorption on
solid media. Common adsorbent substrates include activated carbon, zeolite and
activated alumina. Adsorbents generally suffer from VOC saturation after long-
term use, which can be as little as 3–6 months (Chen et al. 2005; Wang and Zhang
2011). Furthermore, re-emission of the adsorbed VOCs is possible from some
systems (Chen et al. 2005), leading to an increased necessity for maintenance.

Ultraviolet-photocatalytic oxidation (UV-PCO) removes gaseous contaminants
via chemical reactions on a semiconductor catalyst surface under UV irradiation.
Whilst the system has been shown to be effective in reducing a range of VOCs
(Zhao and Yang 2003; Chen et al. 2005; Mo et al. 2009), this system has not yet
been widely commercialised, although it shows considerable potential (Guieyesse
et al., 2008; Mo et al. 2009). Photocatalysts may also be added to interior paint
(Auvinen and Wirtanen 2008), although such systems are yet to be developed in an
effective form.

Ozone-based air cleaners work on the principle of VOC oxidation. However,
ozone is itself hazardous and the oxidation process may in some cases lead to the
generation of harmful by-products (Chen et al. 2005; Kwong et al. 2008).

Air ionizers also work on the principle of the oxidation of VOCs, however,
through the action of radicals rather than ozone. This process suffers from the same
disadvantage as ozone air cleaners, and may, in fact, generate ozone (Chen et al.
2005).

All physiochemical air cleaners may employ a high efficiency particulate air
(HEPA) filter and various types of pre-filters within the systems for reduction of
particulate matter.

Chen et al. (2005) compared 15 different air cleaning technologies for their
capacity to reduce airborne concentrations of 16 VOCs. The technologies evalu-
ated included sorption filtration, UV-PCO, ozone oxidation and air ionization
(plasma decomposition), which were compared to an undescribed proprietary
botanical process. Twelve of the air cleaners were portable and three were resi-
dential scale in-duct systems. The study found that sorption-based air cleaners
were the most effective for both VOCs and ketones (formaldehyde and acetalde-
hyde), although some UV-PCO methods were also quite effective. The botanical
filter had little effect on chamber concentrations of VOCs other than n-hexanal and
ketones, although these were removed at a substantially lower rate than the
sorption processes except those using only activated carbon, which did not reduce
ketone concentrations. Ozone generating methods were ineffective, and are not
recommended by the authors. Saturation effects and ozone generation were
observed for several systems, reducing their practical application for air cleaning.

Whilst it is not known how effective the proprietary botanical process in Chen
et al.’s (2005) study was relative to other biological systems, it would thus appear
that for a simple, short-term comparison, physiochemical methods are more
effective for general removal of VOCs, and certainly particulates, from indoor air.
However when the long-term effectiveness of the systems are taken into account,
along with the simultaneous capacity to remove CO2, reduced maintenance and
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subsidiary benefits such as workplace efficiency improvement (see Sect. 8.10),
horticultural systems become competitive. Biological air cleaners may also be
more effective at removing the most volatile VOCs, such as formaldehyde than
physiochemical processes that do not use activated carbon adsorption (Chen et al.
2005). More recent work (e.g. Torpy et al. 2013a, b) has shown that there is a large
and mostly unexplored potential for horticultural biotechnology to improve the
efficacy of biological systems.

Thus physiochemical methods of IAQ amelioration, whilst effective in the short
term, have a number of crucial disadvantages. Most are incapable of removing all
of the key gaseous pollutants simultaneously, some are unsafe due to the emission
of ozone, and all require expensive regular maintenance and are costly to install
(Soreanu et al. 2013). Research into biotechnological alternatives thus may offer a
realistic alternative to engineering solutions for the maintenance of acceptable
IAQ.

8.6 Hybrid Physiochemical–Biological Systems

As noted previously, physiochemical air quality improvement systems require
regular replacement of the filtration medium to remain effective, and to prevent the
re-emission of absorbed gases. To address this problem, Wang and Zhang (2011)
used activated carbon as a support for a microbial biofilter, postulating that in such
a system the microbial community may constantly degrade accumulating VOCs,
alleviating the need for constant replacement. Their system, installed in a new
96.8 m2 office, was highly effective: 5 % outdoor air plus biofiltration using plants
lead to similar indoor formaldehyde and toluene concentration level as 25 %
outdoor air without biofiltration.

Aydogan and Montoya (2011) compared the performance of three hydroponic
supports: growstone, expanded clay and activated carbon, with and without plants,
to remove formaldehyde. Activated carbon was the most effective, remov-
ing *98 % of the formaldehyde in 10 h, a rate somewhat more efficient than that
achieved by four hydroponic indoor plant species, although the authors unfortu-
nately did not describe the hydroponic support used for this assessment.

Such hybrid physiochemical–biological systems may have major potential for
development as the most effective means of non-ventilation-mediated removal of
VOCs from indoor air.

8.7 Phytoremediation and Horticultural Biotechnology

Phytoremediation, the process whereby plants are used to ameliorate a pollution
source, is a well-developed and economical technology for remediation of soil and
water contaminated with heavy metals, fertilisers or hydrocarbons (Pilon-Smits
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2005). The development of phytoremediation systems for mitigating contaminated
air is somewhat less developed. Whilst effective IAQ improvement has been
recorded (Darlington et al. 2000; Wood et al. 2006; Wang and Zhang 2011), there
are relatively few fully tested, commercial systems for integration into common
building schemes, although the systems that have been developed have consid-
erable potential, and will be discussed in a later section.

The most widely researched system for botanical air cleaning is by passive
filtration using potted plants. Research over the last three decades has demon-
strated that passive biofiltration with indoor plants can significantly reduce con-
centrations of most types of urban air pollutants (Wolverton et al. 1989; Coward
et al. 1996; Lee and Sim 1999; Yoneyama et al. 2002; Orwell et al. 2004; Wood
et al. 2006; Yoo et al. 2006; Kim et al. 2008; Irga et al. 2013). The primary
advantages of passive phytoremediation over active biofilters are cost and flexi-
bility of installation, as in many cases no specific infrastructure changes are
required to install potted plants in most indoor spaces (Soreanu et al. 2013).

The biologically active component of botanical air filtration systems for
hydrocarbon VOC biodegradation is the microorganisms associated with the roots
of the plants or the growing substrate of the plants, whether it be potting mix or a
hydroponic or hydroculture material. Whilst older studies hypothesised on the
VOC bio-degradative capacity of plant-associated bacteria (e.g. Wood et al. 2002),
Zhang et al. (2013) provided empirical evidence for this effect by demonstrating
toluene removal by bacteria isolated from the rhizosphere of potted indoor plants.
Although some VOC removal has been recorded across plant leaves with the
rhizosphere having been excluded (Ugrekhelidze et al. 1997; De Kempener et al.
2004), the quantities removed were trivial relative to the amounts removed by
whole potted plants, or even potting mix without plants present (e.g. Wood et al.
2002; Orwell et al. 2004). Reported formaldehyde removal rates by plant tissues
alone were found to be so low as to be insignificant for IAQ improvement purposes
(Schmitz et al. 2000), whilst substantial formaldehyde removal has been detected
for individual bacterial species associated with an active biofilter (Wang and
Zhang 2011), and also for indoor plants when the substrate was also present (Xu
et al. 2011). The removal of several other contaminants, however, such as CO2 (Oh
et al. 2011, Torpy et al. 2014), SOx, NOx (Elkiey and Ormrod 1981; Esguerra et al.
1983) and ozone (Elkiey and Ormrod 1981) appear to be mostly or wholly plant
mediated, and are taken up directly through the stomates (gas exchange pores) of
the green shoots, which in most species are open only during daylight hours, and
not in the dark. Particulate matter (Lohr and Pearson-Mims 1996) is effectively
reduced by living plants by deposition through the extensive boundary layer area
present around leafy tissue.

It is generally thought that, with respect to VOC removal, the value of the
potted plant in passive systems is mainly to provide a supply of nutrients to the
microbial community as root exudates (e.g. Orwell et al. 2004, 2006), although
this has not been directly tested. Further, the biochemical pathways by which
VOCs are degraded and what bacterial or fungal taxa are directly involved have
not been determined. However, although the biology of the process by which
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VOCs are degraded in plant–rhizosphere microbial community systems is gener-
ally poorly described, it is probable that it resembles the processes whereby liquid
or solid phase hydrocarbon water and soil contaminants are biodegraded, although
in many cases the details of the biochemical pathways involved are also still
unknown (e.g. Haritash and Kaushik 2009; McGenity 2014).

Research suggests that all potted plant /substrate combinations can remove
VOCs at similar rates for a given volume of growth substrate (Orwell et al. 2004),
with slightly reduced rates for plants grown in hydroculture, probably due to the
lower microbial density in the substrate (Irga et al. 2013). Two recent studies have
reported significant variation in VOC removal rates between plant species (Yang
et al. 2009; Liu et al. 2007), however, in each study rates were computed on the
basis of removal per unit leaf area, rather than on pot volume, which reveals
removal rates of the rhizosphere. A large number of potted plant species and
varieties have been tested to date (approx. 120: Soreanu et al. 2013), and all have
shown VOC removal capacity. However, there is still a clear need for further
research into how plants influence the biodegradative capacity of their rhizosphere
microflora.

The identification of bacteria as the primary agents in the biodegradation of
VOCs leads to the potential for improvement of the system’s capacity. Zhang et al.
(2013) identified the rhizospheric bacteria directly associated with toluene
removal, and postulated that the specific bioaugmentation with these species may
increase the rate of VOC removal. Torpy et al. (2013a) demonstrated the microbial
community-level activity specific to biodegradation, and that the benzene removal
efficiency of the bacterial community can be manipulated with the addition of
specific bacterial nutrients, leading to a simple means of increasing the capacity
of the system. Once the concept of using bacterial communities for the biore-
mediation of indoor air pollutants has become widely accepted, it is clear that the
potential for developing very large capacities for VOC removal will be the next
target in the development of these systems for air cleaning.

The great majority of the botanical VOC removal literature describes manip-
ulative laboratory experiments, where potted plants are placed in small, sealed
chambers, into which one or more VOCs are introduced and the rate of decay
determined by analysis of the chamber atmosphere (Fig. 8.1). Most studies correct
for background VOC losses with no plant or substrate in the chambers, which are
substantial in most studies (e.g. Yoo et al. 2006). It is obvious that chamber studies
cannot realistically be extrapolated directly to real environments in buildings (e.g.
Llewellyn and Dixon 2011; Irga et al. 2013; Soreanu et al. 2013), primarily
because the plant density per unit volume of chamber atmosphere is far higher than
would be possible in buildings. Future research thus needs to test objectively the
relationship between the chamber performance of potted plants and their perfor-
mance in buildings.

Recent research has attempted to estimate the efficacy of biological air cleaning
systems by determining their outdoor air ventilation rate equivalence. An active
botanical air cleaning system (Wang and Zhang 2011) was found to be equivalent
to a ventilation rate with 20 % outdoor air, measured on the basis of VOC
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concentrations. The authors, however, did not assess CO2 concentrations, thus
leading to ambiguity as regards the true effect of the system as a replacement for
HVAC. Rodgers et al. (2012) installed an active ‘Biowall’ into a mock residential
house, to investigate its potential energy saving capacity. This system was inte-
grated into an air-conditioning system drawing outside air only, and yielded an
86 % reduction in total energy expenditure for ventilation, when compared to the
air-conditioning system alone.

The only in situ study to show significant reduction in airborne TVOC levels
using passive botanical air cleaning systems is by Wood et al. (2006), who found
that three or six standard potted plants could produce a steady state in University
offices where indoor VOC concentrations were maintained below 100 ppbv. Thus
the plants only had a measurable effect when VOC concentrations were [100
ppbv, but were capable of reducing any greater concentrations than this to a
minimum level. These findings are in contrast to both mass balance estimates (e.g.
Guieyesse et al. 2008) and some experimental findings (e.g. Chen et al. 2005),
leading to Guieyesse et al.’s (2008) suggestion that the current mathematical
evaluation models are inadequate, and there are sources of variability in the bio-
logical studies which the mathematical models do not capture.

Potted plants therefore clearly have some capacity to ameliorate indoor VOC
levels, although there are significant anomalies between empirical evidence and
theoretical modelling, and research is urgently needed in this area to determine

Fig. 8.1 Scheme of the experimental chamber apparatus used by Xu et al. (2011). (A) air pump,
(B) N2 gas cylinder, (C) needle vale, (D) flowmeter, (E) formaldehyde solution (37 %) vessel,
(F) mixing vessel, (G) buffer vessel, (H) gas sampling port, (I) dynamic chamber, (J) water
injecting port
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how VOC phytoremediation systems can be designed as feasible installations for
general IAQ improvement in real buildings. It is thus hoped that future research
funding for IAQ improvement is directed towards disentangling this problem.

It has been proposed that the capacity-limiting step for biological air cleaning
is the rate at which gaseous air contaminants can infiltrate the substrate upon
which the biological component, whether plants or microorganisms, are growing
(Guieyesse et al. 2008). Active or dynamic air cleaning systems operate on the
principle of using either pressure to increase the volume of air to which a biofil-
tration system is exposed, or a mobile aqueous phase into which contaminants are
accumulated and thus transferred to a bioreactor. Both methods thus potentially
increase the rate at which contaminants are removed. Passive systems rely on the
diffusion of contaminants to a static bioremediation system, such as the rhizo-
sphere of a potted plant or green wall, which could be expected to be slow for low
concentrations of pollutants in spaces with poor air circulation. Some green wall
systems, with constant trickling nutrient solutions but no pressure assistance to
increase airflow (e.g. Darlington et al. 2000), might thus be considered as hybrid
passive–active systems.

Chen et al. (2005) found that whilst a plant-based air cleaning system was
effective in removing VOCs, its applicability was restricted by its inability to
process high rates of airflow, a disadvantage not suffered by most sorption fil-
tration systems. Darlington et al. (2001) assessed the effect of airflow rate on the
capacity of his active botanical biofiltration system to remove airborne toluene,
ethylbenzene and o-xylene. They found that, whilst the single pass efficiency of the
biofilter was greater when the airflow was very low (0.025 ms-1), the maximum
removal capacity of the system occurred at the highest airflow tested (0.2 ms-1).
The authors proposed that it was the diffusion of VOCs into the aqueous phase of
the system that was rate-limiting to biodegradation, suggesting that systems that
increase the airflow rate even further may have further increased efficiency.
However converse to these observations, the compost-based biofilter tested by
Delhoménie and Heitz (2003) had a gross toluene removal efficiency that was
proportional not to the airflow rate, but the residence time within the biofilter
column. This system was tested at relatively high VOC concentrations only.

To maximise the capacity of biofiltration systems, there is thus a need to
process as large a volume of contaminated air as possible, whilst exposing the air
to the biological material for the critical time period over which sufficient pollutant
removal will occur to allow air contaminants to be reduced to habitable levels.
These two variables: airflow versus residence time are clearly the key attributes to
maximise the efficiency of any system. It would thus be useful if, whilst devel-
oping and testing new biological air cleaning systems, these data could be included
in published results, as they allow a simple and direct comparison of new systems
for their efficacy.

Darlington et al. (2000) investigated a system installed in a 160 m2 room with a
very low outdoor air change rate (0.2 air changes per hour). Air from the test room
was circulated through an ‘ecologically complex’ biofilter consisting of a ‘biosc-
rubber’, 30 m2 of hydroponic plants and a 3,500 L aquarium containing aquatic and
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semi-aquatic plants. It was hypothesised that the very large biomass to building
space ratio utilised would lead to reduced VOCs due to bioremediation from
both the bioscrubber and plants, but may have led to the release of new VOCs and
biological particles, such as mould spores, associated with the biological material.
The bioscrubbers comprised multiple 2.4 m2 fibreglass supports faced with lava
rock, and colonised with mosses. Indoor air was actively exposed to the bioscrub-
bers with variable speed fans, maintaining a low airflow rate (0.01 ms-1) across
the modules. Air was passed through the canopy of a small hydroponic garden
before reaching the bioscrubbers. A substantial non-integrated (i.e. passive) green
wall and hydroponic plantings were also resident in the room. Plants were supplied
with supplementary lighting. The aquarium was integrated in the irrigation system
for both the hydroponics and the green wall. The biofilter appeared to substantially
reduce VOCs including formaldehyde. Unfortunately, the authors (Darlington et al.
2000) did not record CO2 levels in their study, as hydroponic plants with supple-
mentary lighting could realistically be expected to remove large amounts of this gas,
based on the findings of Irga et al. (2013), who found strong CO2 removal for small
hydroponic plants in sealed chambers.

Wang and Zhang (2011) developed an active biofiltration system combining
both physiochemical and biological bioremediative capabilities, by using activated
carbon as a hydroponic substrate for indoor plants. They tested the system both in a
chamber and fitted to the HVAC system of a 97 m2 newly built office, thus allowing
a reasonable comparison between closed-system and in situ conditions. They
found that their system was equivalent to a clean air delivery rate of 476 m3/h
outdoor air with respect to VOC (formaldehyde and toluene) removal. After
demonstrating the efficacy of their system over a 300 d period, the authors estimated
a 10–15 % reduction in ventilation energy costs in cold climate conditions. The
function of biofilters to reduce building energy consumption will become a major
focus of future research (e.g. Rodgers et al. 2013).

An active biofiltration system using a column containing inert substrates and
compost, and supporting the growth of spider plant (Chlorophytum comosum), a
species known to be capable of formaldehyde biodegradation (Giese et al. 1994),
was tested by Xu et al. (2010), and found to be very effective at removing high
concentrations of formaldehyde. Active systems thus may have potential to sub-
stantially increase the effectiveness of botanical biofilters, although at the cost of
some energy. The potential for microorganism release when pressurised air is used
may also be a concern (see Sect. 8.12). The biotrickling filter system used by
Darlington et al. (2000), utilised plants as an adjunct to the biologically active
microorganisms is his system, and is thus an alternative active phytoremediation
system.

Active biofiltration is now a widely used air pollution control technology for
industrial waste gases and odours (e.g. Elmrini et al. 2001; Vergara-Fernández
et al. 2007; De Visscher and Li 2008; Mudliar et al. 2010; Lebrero et al. 2012).
Systems are now becoming highly developed (e.g. Estrada et al. 2013b), and due to
low running costs, high removal efficiency for a range of organic and inorganic
gaseous pollutants and lack of secondary pollutant production are now competitive
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with physiochemical processes (Lee et al. 2013). With this strong background,
biofilters are beginning to emerge as an accepted alternative to ventilation for the
maintenance of IAQ.

Whilst it is usually assumed that active biofilters will remove higher quantities
of air pollutants than passive systems due to the increased rate of airflow over the
biodegradative surfaces (e.g. Soreanu et al. 2013), there appears to be no literature
comparing an active system to an otherwise identical passive arrangement, and
thus there is no empirical evidence to show that actively increasing the airflow to a
system increases biodegradation over simple diffusion. Also, the potential gener-
ation of CO2 from substrate microorganism respiration, and the emission of
microbial particles are other issues that have been inadequately addressed in the
literature. Clearly, there is a need for greater research on the correlation between
the rate of airflow and all types of air quality for active IAQ bioremediation
systems.

8.8 Health Benefits of Indoor Plants Unrelated
to Air Quality

Indoor plants have also been shown to yield directly measurable benefits to the
health and wellbeing of building occupants. Fjeld et al. (1998, 2000) found that
staff sick leave was reduced by over 60 % when indoor plants were installed. They
also found less sick leave among school children with plants in their classroom,
and that staff with plants in offices showed significantly fewer health and dis-
comfort problems, including 37 % less coughing, 30 % less fatigue and 23 % in
symptoms such as headaches, sore eyes, nose or throat, ‘heavy-headedness’ or
lowered concentration. Studies by Lohr et al. (1996) also showed productivity
gains and reductions in perceptions of pain and discomfort when plants were
present. A Texan survey with over 400 respondents (Dravigne et al. 2008) found
that job satisfaction rose significantly on all 10 criteria tested among staff with
indoor plants and that they preferred them to planted window views.

The effect of indoor plants on psychological health may be due to a surrogate
effect akin to exposure to ‘nature’, with the clinical effect described as ‘attention
restoration theory’ (e.g. see Bringslimark et al. 2009). The magnitude of the
psychological benefits of botanical material may be proportional to the volume of
plant material in an indoor space, presence in the line of sight of an occupant and
duration of exposure. Whist the magnitude of the effects of plants on psychological
health are subject to some controversy (Brigslimark et al. 2009), the bulk of the
literature shows a quantifiable effect.

As some of the current biotechnological approaches to botanical air cleaning,
notably green walls, are often associated with a substantial increase in the amount
of plant material in a building (Fig. 8.2), the potential exists that these systems
could provide corollary benefits to psychological health and worker productivity
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along with their air quality effects. Alternately, biofiltration systems that are
remote from the indoor space their service would presumably provide less psy-
chological benefits over traditional potted plants. Whilst the primary goal of the
biotechnological approaches discussed in this paper are clearly air quality
improvement, it would be advantageous to quantify the potential side effects on
other aspects of building occupant workplace quality when assessing the overall
efficacy of any system.

8.9 Microbial Systems

Microbial systems that operate without the synergy of higher plants have received
more research than the latter systems, and there is thus a clearer understanding of
their performance potential. These systems rely on the well-recognized capacity of
microorganisms to use VOCs as carbon sources, and sometimes with the addition
of physical filtration to remove particulate matter to complete their air cleaning
process. Bacteria are the group of microorganisms generally utilised in these

Fig. 8.2 A green wall installation at the University of Technology, Sydney (image by the
authors)
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systems. Whilst fungi have been shown to have very high removal capacity for
some VOCs due to the large surface area created by aerial growth (Kennes and
Veiga 2004; Vergara-Fernández et al. 2008), the resistance to air flow created by
fungal mycelia restricts their utility in microbial biofiltration systems, although
biofilter packing material technology (e.g. Gutiérrez-Acosta et al. 2012) may
effectively address this problem in future developments. The ability of individual
fungal species to degrade specific VOCs also appears to be variable (see García-
Peña et al. 2008). Resistance to low pH, water and nutrient availability are key
advantages of fungal systems over bacteria-based biofilters, and these may emerge
as key constraints in future bacterial biofiltration systems (Estrada et al. 2013a).

Microbial air cleaning systems have been classified into three general types
(Guiyesse et al. 2008): bioscrubbers, where pollutants are collected in a mobile
aqueous phase and exposed to microorganisms in a bioreactor (Fig. 8.3);

Biotrickling filters where microorganisms are grown on an inert support such as
activated carbon or geological materials such as vermiculite, supplied with
nutrients from a gravity fed solution and exposed to the air either passively or
actively (Fig. 8.4);

Biofilters where air is passed through a porous support on which microorgan-
isms are growing, and which may or may not receive an exogenous nutrient supply
(Fig. 8.5). However, systems that utilise natural microbial communities such as
those found in potted plant substrates (Fig. 8.6), obviate the need for a continually
provided nutrient supply and are self-supporting over a period of months to years
(e.g. Wood et al. 2002), thus having substantial maintenance advantages.

It seems that virtually all organic pollutants are biodegradable by bacteria,
although the rates at which they are degraded vary widely based on a number of
factors, notably their polarity (which determines their diffusion coefficient in
aqueous environments, and thus their accessibility to microorganisms) and toxicity
effects, which could be expected to be minimal at the low concentrations found in

Fig. 8.3 Simplified
representation of a
bioscrubber system (Mudliar
et al. 2010)
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indoor air (Guieyesse et al. 2008). Due to both the variety of molecular structures
of VOCs, and the general tendency of microorganisms to degrade xenobiotic
materials by consortial activity (e.g. Torpy et al. 2013a), microbial biofilters must
support a diverse community of microorganisms and expose a large, moist surface
area to maximise the solubilisation of airborne molecules (Beveridge et al. 1997).
Apart from natural media, such as plant growth substrates, fixed biofilm reactors
are considered to be probably the most efficacious means of air contaminant
biodegradation (Singh et al. 2006).

Fig. 8.4 Simplified
representation of a
biotrickling filter system
(Mudliar et al. 2010)

Fig. 8.5 Simplified
representation of a biofilter
unit that does not utilise
plants (Mudliar et al. 2010)
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As stated previously, VOCs are present in indoor air at extremely low con-
centrations: far lower than would appear to be necessary to sustain microorganisms
if they were the sole carbon sources (Guieyesse et al. 2008). Effective microbial air
cleaning systems may thus rely on microorganisms co-metabolising VOCs
amongst other sources of energy, i.e. the microbial communities need to be sus-
tained independently of the supply of VOCs if they are not to become carbon
source limited. Fortunately, the bacteria that degrade most indoors VOCs of
concern appear to be ubiquitous, at least in soils (Torpy et al. 2013a), and so do not
need to be specifically isolated and cultured, as has been proposed as a limiting
factor for the use of microbial air cleaners (Guieyesse et al. 2008). Certainly, most
research suggests that there is little evidence that natural substrata, such as soils,
lack microorganisms capable of degrading common VOCs. A hydroponic plant
growth system, with axenic plant stock and no specific microbial inoculation other
than that gained from the air and tap water at the time of transfer to the hydro-
culture pots, was found to be capable of bioremediating gaseous benzene, albeit at
a slightly reduced rate than that achieved by potting mix (Irga et al. 2013), pro-
viding evidence that ubiquitous air- and waterborne bacterial species have VOC
biodegradation capacity. An earlier study by Chen et al. (2005) did not detect

Fig. 8.6 Schematic of an indoor air biofilter that utilizes plants (From Soreanu et al. 2013). The
biofilter consists of a vertical green wall on a porous support, which is irrigated by circulation
from the catch basin. Indoor air is circulated through the green wall, where all air cleaning
processes occur
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toluene removal from an undescribed, ‘botanical’ air cleaning system, although
the constituents and construction details of the system were not supplied, so it
cannot be speculated on what, if any, microbial community was present in the
apparatus used. Surprisingly, Ondarts et al. (2012) did not detect trichloroethylene
removal by a compost-based biofilter, unless activated carbon was added to the
substrate.

An alternative use for microbial biofilters that bypasses problems associated
with the low background concentrations of indoor airborne VOCs is to use the
systems as an initial clean-up process to remove high VOC levels in new buildings
(Lu et al. 2010). This can be achieved by using an initial bake-out process,
whereby a newly constructed room is heated to accelerate VOC emissions which
can then be effectively removed in the biofilter (Lu et al. 2012a). However, such
technology would appear to have little application in the ongoing maintenance of
building air quality.

Another putative concern raised with respect to microbial air cleaners is that
they would lose their capacity to remove trace VOCs over time if not constantly
exposed to them (Guieyesse et al. 2008). Whilst empirical research has shown that
the rate of VOC biodegradation increases markedly on repeated exposure, and that
the rate of removal is proportional to the concentration of VOC present, there is
also evidence that the basic capacity to biodegrade some VOCs is innate and not
lost in the absence of the gases (Orwell et al. 2004, 2006).

The capacity of microbial biofilters to remove VOCs in high concentrations is
inarguable. Delhoménie et al. (2002) developed a novel vegetable and sewage
sludge compost-based biofiltration system and tested its capacity to remove high
concentrations of toluene. Contaminated air was exposed to the biofilter at
0.4–1 m3h-1. The compost column was fed with a nutrient solution to sustain the
microbial population. Whilst the system removed toluene with high efficiency, the
system also produced significant quantities of CO2, and the release of microor-
ganisms from the system may also have been possible (see Sect. 8.12) but was not
tested. Lu et al. (2010) detected very high rates of biodegradation of formaldehyde,
benzene, toluene and xylene from a biotrickling filter dominated by four common
bacterial genera. Ondarts et al. (2012) used a compost-based system, which had
very high removal efficiency for many VOCs, including the highly hydrophobic
undecane and limonene, leading to the hypothesis that an abiotic sorption process
was important in the overall biodegradation efficiency of the system, possibly due
to the hydrophobic components of the organic matter.

Logically, the rate of removal of any air pollutant will be limited by the rate at
which it is exposed to any air filtration apparatus, whether biological or physical.
This has been seen as a major constraint on the development of biological air
cleaning systems (e.g. Guieyesse et al. 2008). The large magnitude of the biofilter:
room volume ratio for the effective air cleaning system developed by Darlington
et al. (2001) reinforces the difficulties in gaining effective air cleaning performance
with a reasonably compact system. Future research into increasing the effective air
exposure of biofilters, whether by examining airflow rates over the filters or by
increasing their effective surface area, would be highly valuable.
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Apart from its direct role in improving IAQ, biotechnology has also been used to
indicate poor indoor environmental conditions. As noted previously, the high
degree of environmental sealing of modern buildings has led to the proliferation of
conditions that favour poor IAQ. As well as increasing levels of some air pollutants,
the reduction in airflow and increase in humidity from poorly designed building
ventilation systems may lead to increased fungal growth, and a community shift in
the types of fungi present. Both increased fungal spore loads indoors, and a shift
from ‘normal’ fungal communities to ones strongly dominated by single species
such as Aspergillus and Stachybotrys spp. High concentrations of spores of these
species are known to lead to symptoms of ‘sick building syndrome’ (Cooley et al.
1998; Cabral 2010), thus indoor assessment of these organisms can act as an
indicator of poor IAQ in general. Fungi may also produce their own range of VOCs
(Douwes 2009). There is a strong correlation between high indoor humidity, fungal
growth and human respiratory pathology (Cabral 2010). Thus an assessment of the
fungal community composition in a building can be a useful indicator of whether
moisture accumulation is at a level where poor health outcomes may result. Fungal
sampling may be performed on precipitated dust or air samples, and the community
may be described by culture or molecular methods (Pitkäranta et al. 2008).

8.10 Do Biological Air Filtration Methods Lead
to Microbial Biopollution?

As both botanical and exclusively microbial biofiltration systems, whether active or
passive, are primarily dependent on microorganisms for their function, as well as
presenting excellent conditions for general microbial growth, valid concerns arise
over whether the air cleaning benefits of these systems may be negated by the
emission of viable or non-viable bioparticles into the indoor environment (e.g. Lu
et al. 2012b). Of the microorganisms likely to lead to any significant health prob-
lems, fungi are of primary concern (Torpy et al. 2013b). A primary cause of fungal
amplification indoors is relative humidity, with levels over 80 % leading to potential
problems (Adan and Samson 2011). All current biological air filtration systems thus
provide possible point sources of the ideal conditions for fungal proliferation.

It has been proposed that indoor plants could indeed act as a significant source
of pathogenic fungal inocula (Staib et al. 1978; Summerbell et al. 1989; Hedayati
et al. 2004; Engelhart et al. 2009). These studies have generally been conjectural or
correlative, where the pathogenic fungal species implicated in a particular disease
case has been isolated from or associated with a potted plant, with no direct testing
of aetiology performed. A number of more recent studies, however, have more
directly investigated the potential for potted plants to support and release signif-
icant fungal material.

Darlington et al. (2000) assessed the effect of his biofiltration system on the
indoor airborne microbiota. The two-stage Anderson sampler was used to assess
both bacteria and viable fungi from the room in which his system was operating,
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and samples were taken one year apart to test the long-term effect of the system.
Total fungal, yeast, mould and bacterial numbers declined in the second year’s
samples, suggesting that this active biofiltration system went through a stabilisa-
tion period over which microbial release declined, probably due to a reduction in
the quantity of compostable organic matter. Whilst the biofilter increased fungal
spore numbers relative to adjoining rooms and buildings, the spore density
detected (mean 115 CFU/m-3) was considered within the range expected from
normal buildings by Darlington et al. (2000), and is certainly surprisingly low
given the large quantity of biological material used in the system. The community
present in the biofiltered room was dominated by Penicillium spp., suggesting the
indoor sources predominated over outdoor sourced genera, which are normally
dominated by Cladosporium spp. (Cabral 2010). In contrast, Wang and Zhang
(2011) performed a pilot trial for their previously described biofiltration systems.
Whilst they could not culture any microbial growth in the outlet air of their system,
the authors used a single culture medium only, and recognised the need for further
research into whether long-term use may lead to the release of microorganisms
from their system. The presence of non-viable bioparticles was also not assessed
by either study. Microbial by-products, such as ergosterol and lipopolysaccharide,
as well as non-living cellular material are well known to lead to disease states such
as allergy, headache, coughing and dermatitis (Mendell et al. 2011).

A study into the effect of passive botanical air cleaning systems on the indoor
airborne fungal community was performed by Torpy et al. (2013b). The air of 54
offices both with and without potted plants was tested with an impaction air
sampler and fungal-specific growth media for viable fungal spores. The authors
found that whilst potted plants were associated with an increase in total spore
numbers, the maximal level reached with two large indoor plants was approxi-
mately an order of magnitude lower than matched outdoor air samples. The
absence of any major fungal pathogens (e.g. Aspergillus fumigatus) in the air
samples provided further evidence that the passive system tested was generally
safe for most building occupants with regard to viable fungi.

As potted plants have become more popular as installations within buildings, some
concerns have been raised as to whether the plants and their growth substrates could
be a reservoir for Legionella spp, the bacteria responsible for Legionnaires disease.
The conditions for Legionella proliferation within man-made environments include
stagnant water, temperatures around 38 �C, and some form of carbohydrate nutri-
tional source (Grimes 1991). Once bacterial growth has taken place, the water then
needs to be aerosolised or come into immediate human contact for infection to occur
(Verissimo et al. 1990). As most buildings maintain temperatures well below optimal
for Legionella growth, and current indoor plant husbandry practices utilise little or no
excess exposed water, the potential for the proliferation and transmission of
Legionella is limited (Burchett et al. 2007). However, with active green wall and
biofiltration technologies, there is potential for increased temperatures due to both
mechanical water circulation pumps or integrated lighting systems, coupled with
increased quantities of biological material and the potential requirement for larger
watering and draining basins. These factors may thus lead to significant concern for
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the rapid growth of aquatic bacterial pathogens. If such systems also have the potential
for these bacterial suspensions to be aerosolized, such systems may be of concern and
should be further researched. Legionnaires disease caused by L. longbeachae has on
rare occasions been implicated in potting-mix handling scenarios (Patten et al. 2010);
however, poor hand washing procedures and long-term smoking were found to be
better determinants of the disease than exposure to the potting-mix itself (O’Conner
et al. 2007), so major concerns over this disease may not be warranted.

Few studies to date on indoor biofiltration have included any assessment of
bacterial emissions from the tested systems. Lu et al. (2012b) addressed concerns
over bacterial emission from an active biofiltration system by using a calcium
alginate gel to immobilise the active bacterial strain in their system (Pseudomonas
putida). The study detected no bacterial release, whilst effectively biodegrading
formaldehyde. Whilst the system required a constant supply of liquid nutrients, the
amount required was relatively low and no loss of biodegradation efficiency was
detected over 10 days. The pressure drop across the filtration matrix was higher
than optimal, leading to a relatively high energy usage for this system. If the
economics of energy use and nutrient supply can be effectively addressed, this
technology may have some potential for preventing bacterial release from active
biofilters, which may find use in buildings that have demanding microbial stan-
dards, such as hospitals. The system, however, would be unlikely to control fungal
spore release due to the aerial growth and sporulation of mould fungi.

Thus there appears to be some potential that biological air cleaning systems can
lead to increased microbial density in the treated air. Whilst no reliable research
has indicated the potential for danger to health, there is nonetheless a need for both
the assessment of existing systems and a consideration of microbial safety when
developing new systems. It is probable that the greatest potential for microbial
material release from any biofiltration system will occur when the medium
becomes excessively dry (Pasanen et al. 1991). With increased airflow rates across
media with uncontrolled microbiological communities, and the use of supports that
have the potential for rapid desiccation if irrigation fails, some of the active
systems thus have the potential for major microbial release. It is thus suggested
that future research assess these systems in both their functional state and at
reduced moisture levels to assess the potential for health (and thus legal) problems
that may arise in failure situations. The integration of HEPA into both active
microbial and botanical IAQ cleaning systems would solve the problems of bio-
pollutant emission, although at the cost of further increasing pressure drop.

8.11 Commercial Systems

A small number of biological indoor air cleaning systems are currently available
on the market (Table 8.1); however, it is clear that this industry is expanding. Of
the available systems, all use plants, and most have an interior design component
to increase their acceptability to purchasers.
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A prototype device (Mittelmark et al. 2009) has been developed by Phytofilter
Technologies, Inc., which uses a plant substrate consisting of activated carbon and
inert materials colonised with microorganisms. The system is active: the system is
incorporated into an HVAC system, where air is pumped under pressure through
the substrate, which is colonised with the indoor plant Pothos (Epipremnum
aureum). The system has been demonstrated to have high removal efficiency for
formaldehyde and toluene, and this removal efficiency was maintained over
300 + days of continuous operation. Furthermore, the system was found to have
good ventilation energy saving potential based on VOC removal, although the
system does not appear to have been tested for CO2 emission, which may reduce
its ventilation replacement effectiveness. Phytofilter Technologies is currently
looking to develop a portable system incorporating this technology (http://
phytofilter.com/announcements/?p=64).

The leading developer of commercial phytoremediation technologies is prob-
ably Naturaire (www.naturaire.com/function), led by Alan Darlington. The green
wall systems this company and its antecedents have installed in the University of
Guelph in Canada (Naturaire 2014) and the Canada Life Assurance headquarters
building (Toronto, ON, Canada; Darlington et al. 2001) are archetypes of inte-
grated green wall systems specifically installed for indoor phytoremediation.

ANDREA (http://www.andreaair.com/), also known as Bel Air, is the result of a
collaboration between French designer Mathieu Lehanneur and Harvard academic
David Edwards, and is a desktop ‘‘mobile greenhouse’’. Essentially a plant with
fan feeding air to the root zone, this personal portable air purifier is a new inno-
vation in this market. Although its air cleaning potential has not been demonstrated

Table 8.1 A selection of commercially available biological air cleaning products applicable for
indoor applications

Company
name

Country
of origin

Mode of action Website

Phytofilter
Technologies,
Inc

USA Plant substrate consisting of activated carbon
and inert materials colonised with
microorganisms. The system is incorporated
into a HVAC system, where air is pumped
under pressure through the substrate

http://
phytofilter.
com

Naturaire/
Nedlaw Living
Walls

Canada Indoor air is actively drawn through the plant
wall by either the HVAC system or on-board
fans and then returned to the occupied space

http://
naturaire.
com

ANDREA France A personal and portable air purifier, consisting
of a plant with fan fed air to the root zone

http://www.
andreaair.
com/

CASE USA Modular hydroponic plant system that has in
built fans that increase air flow across the
plants’ root surface

www.case.
rpi.edu/

Junglefy Australia Modular plant system that has in built fans that
increases air flow across the plants’ root surface

http://
junglefy.
com.au/
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in the scientific literature, the company claims that the rate of gas removal by
ANDREA is over 10 times faster than for passive indoor plants. The system is
affordable, retailing at £125 in the UK in 2014.

The Centre for Architecture Science and Ecology (www.case.rpi.edu/) has
developed an active, hydroponic green wall system called the ‘Active Modular
Phytoremediation Wall System’ (AMPS). The system uses a building’s ventilation
system for increasing the exposure of air to the hydroponic medium.

The Australian company, Junglefy (www.junglefy.com) has developed an
active botanical air cleaning system for use in both new buildings and as a retrofit.
Like the AMPS system, Junglefy uses a modular design that allows flexible
installation in different areas of buildings.

8.12 Conclusions

The importance of IAQ to the industrialised world is increasing dramatically. The
U.S. market for IAQ was valued at nearly $7 billion in 2011 and is projected to
reach nearly $9.2 billion in 2017, a 5-year compound annual growth rate of 4.6 %.
The equipment component of the industry is expected to account for $4.7 billion in
2017 (BCC Research 2014). Thus the acceleration of research into biological air
cleaning systems is timely. Whilst there is no doubt these systems have functional
potential, issues such as microbial safety, long-term efficiency, CO2 emissions,
maintenance costs and energy use for active systems are yet to be sufficiently
addressed to be able to recommend systems to meet all applications. The rapid
development of industrial waste gas biofilters has demonstrated that with a con-
certed research effort, rapid progress can be made. However, the primary current
problem facing research to improve on simple potted plants as bioremediators of
IAQ is that the process is, in a way, answering a problem no one has yet asked. The
general public has yet to fully embrace the concept of botanically based air
purification systems in their simplest form: claims of further developments largely
fall on deaf ears.
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Chapter 9
Bioinspired Self-cleaning Materials

Maria Vittoria Diamanti and MariaPia Pedeferri

Abstract Among nature-inspired phenomena, the interactions of nanostructured
surfaces with water are probably the most studied ones, as well as the most
mimicked by science: geckos and spiders that can stick on smooth surfaces, beetles
that collect fog in the desert, gerridae that walk on water—which is the reason why
they are also called water striders, or pond skaters; all of these creatures owe their
characterizing properties to the influence of surface nanostructuring on their
affinity to water. Still, the most popular example of ‘‘nature-created’’ nanotech-
nology is the self-cleaning one, given by the onset of either superhydrophilicity,
superhydrophobicity, or superoleophobicity. This is allowed by particular condi-
tions of surface (photo)chemistry and structuring: the former is typical of TiO2-
containing surfaces, while the latter is based on the formation of air layers between
water and the surface nanometric protrusions, preventing the liquid from wetting
it. This chapter is dedicated to the mechanisms underlying bioinspired self-
cleaning and to the fields of application of these effects.

9.1 Water and Surfaces

9.1.1 An Introduction to Self-cleaning

Self-cleaning is clearly a fascinating concept, which reflects the capability of a
material to maintain its aspect unaltered in time, avoiding the deposition of dirt.
Such property first attracted producers and consumers working in the construction
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world, owing to the important savings that self-cleaning could bring—and has
actually brought—in the maintenance of buildings, especially in the presence of
wide glass façades: the use of self-cleaning glass and other cladding materials
surely has an impact on the overall building life cycle cost. One example is
provided on Phys.Org as a result of a market analysis performed by the Singapore
Institute of Manufacturing Technology (SIMTech), a research institute under
A*STAR (Agency for Science, Technology and Research) (Phys.Org 2008). In
this analysis, the typical cleaning cycles of commercial buildings in Singapore are
estimated as frequent as 1–4 per year, with unit costs for energy and detergents
ranging from 7 to 40 kUSD, which can be reduced even by 75 % in the presence of
self-cleaning materials. The possibility of making surfaces more resistant to
soiling has important spin-offs not only in the built environment, but also in micro-
circuitry, where the presence of contaminants can reduce the device lifetime,
and—for the same reason—in the most recent application field of solar panels,
where even a slight reduction in transmittance can cause severe efficiency losses
(Zhu et al. 2010).

Still, the term self-cleaning may be misleading at times. In fact, it generally
refers to two situations (Fig. 9.1):

• surfaces may show a superhydrophobic character and impede dust and soot
adhesion and adsorption, due to peculiar morphological features and/or
chemical affinity; or

• surfaces with photoactivated properties can decrease the adhesion strength of
dust and particles—as well as degrade bacterial contaminants—while
byproducts are removed by water, owing to a superhydrophilic surface state.

Moreover, some mixed mechanisms—pertaining to hydrophilic surfaces with a
relevant oleophobic, or superoleophobic, character—have been recently consid-
ered in the development of self-cleaning surfaces.

Considering first the superhydrophilicity condition, the triggering element of
such mechanism is photoactivity, which can be intrinsic of the whole material or
conferred to the sole surface by applying a suitable coating. This is the case of
titanium dioxide (TiO2) surfaces, whose hydrophilicity is greatly enhanced by
irradiation of suitable energy (generally in the UV range) until a superhydrophilic
state is reached; similar results can be provided by similar wide band semicon-
ductors, such as zinc oxide (ZnO) (Fujishima et al. 2008; Khranovskyy et al. 2012;
Zhang et al. 2012). Although no natural structure exhibits such self-cleaning

Fig. 9.1 Example of superhydrophobic (a) and superhydrophilic (b) surfaces. Reprinted with
permission from Men et al. (2010)
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character, these materials are included in biomimicry owing to the mechanism of
photoactivation, whose origin traces back to plants photosynthesis. It goes without
saying that in absence of light, these surfaces do not show any self-cleaning
property, which probably makes ‘‘easy-cleaning’’ a more precise definition of their
functionality.

On the other hand, proper self-cleaning should not need any external stimulus:
this can be achieved by suitable intrinsic surface chemistry, morphology, or both. In
general, these conditions always induce the opposite behavior—that is, superhy-
drophobicity, sometimes combined with oleophobicity to give superomniphobicity:
for a surface to be self-cleaning, the requisite is to strongly repel water, reducing at
maximum the water drops contact area, and therefore the chances of contamination.
This surface behavior is typical of several living organisms, from both the Plant and
the Animal kingdoms, as further described in the next paragraphs (Qu et al. 2010;
Genzer et al. 2008). Here, what most matters is the formation of hierarchical
structures at the micro or nanoscale, which force water to interact with air entrapped
between adjacent surface features more than with the surface itself (Li and Ami-
rfazli 2008). In this sense, the development of nanotechnology has surely boosted
laboratory and industrial research, allowing first the observation of such morpho-
logical features—and therefore the understanding of the phenomenon—and sub-
sequently their replication. The most common example of this behavior is the lotus
effect, named after the Indian lotus (Nelumbo nucifera) leaf, on which rain drops
have such a small contact area that they result in bouncing and rolling, collecting
dust and pathogens and hence cleaning the leaf surface.

Such efficient self-cleaning is ensured by a combination of a waxy, highly
hydrophobic surface and its nanostructured patterning, and is observed on several
plant leaves, as represented in Fig. 9.2 (Barthlott and Neinhuis 1997; Solga et al.
2007). Another case is a special fish scale covered by riblets that helps reducing
friction in water, which in turn decreases the adhesion of other microorganisms:
this is the case of shark skin (Schumacher et al. 2007).

Latest advancements in nature-mimicking nanotechnology take inspiration
from the binary periodic structure of some insects eyes, whose hierarchical
structuring induces a superhydrophobic surface state (Yang et al. 2013). A wider
description of natural superhydrophobic surfaces for self-cleaning is reported in
the following paragraphs.

9.1.2 Hydrophilicity and Hydrophobicity

Understanding the interaction of surfaces with water molecules is essential to
achieve the control of the material response in most applications, especially
considering the exposure to an external environment and its humidity. Having a
suitably hydrophilic or hydrophobic character plays a crucial role in nature and
decides your fate in extreme environments, as in the case of the desert Stenocara
beetle, whose hydrophilic/superhydrophobic patterned elytra with its hierarchical
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structure allows water to be collected from morning mist, creating a unique water
reservoir—the key to their surviving (Parker and Lawrence 2001).

To meet this aim, it is useful to remind some common concepts about surface
wettability.

The parameter that identifies the wetting properties of a surface is contact angle
h (Fig. 9.3), defined as the angle between the tangent to the curved water surface at
the point of contact with the solid surface and the plane of the surface on which the
drop is resting, measured through the water (Marmur 2010).

This parameter is the result of the equilibrium between three components of
surface tension, represented by three forces acting at the liquid–solid (csl), solid–
gas (csg), and liquid–gas interfaces (clg). Water droplets form high contact angles
([90�) on hydrophobic materials on account of the energy increase upon contact
between surface and liquid, which favors the minimization of contact area between
the two. This is explained by the extremely low surface energies of such materials
(*10–50 mN/m). On the contrary, hydrophilic materials have a strong affinity
with water, which thus seeks to maximize its contact area, forming low contact
angles on their highly energetic surfaces, ranging from 500 to 5,000 mN/m (de
Gennes et al. 2002).

Fig. 9.2 Scanning electron micrographs of the adaxial leaf surface of rough, water-repellent leaf
surfaces. Nelumbo nucifera (a) and Colocasia esculenta (b) are characterized by papillose
epidermal cells and an additional layer of epicuticular waxes. Brassica oleracea leaves (c) are
densely covered by wax crystalloids without being papillose, and the petal surfaces of Mutisia
decurrens (d) are characterized by cuticular folds. Bars 20 lm. Adapted with permission from
Barthlott and Neinhuis (1997)
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In both cases, the static contact angle h0 that a liquid forms on a surface can be
derived by applying Young’s equation (Eq. 9.1):

cos h0 ¼
csg � csl

clg
ð9:1Þ

and is valid for any triple liquid–solid–gas interphase, with the gas phase generally
being air. Yet, from the point of view of self-cleaning, another fundamental aspect
of surface wettability must be considered, that is, hysteresis.

In fact, the static contact angle can only be observed on ideally flat surfaces,
while most commonly a range of values will be observed, from a minimum value
defined as receding contact angle hrec, to a maximum advancing contact angle hadv:
the difference between the two represents contact angle hysteresis. The smaller this
parameter, the easier the movement of a drop on the surface; this concept is
particularly important in the case of superhydrophobicity-driven self-cleaning,
where the cleaning effect is assured by water rolling on the surface, collecting dust
deposited on it and carrying it away (see Sect. 9.2.2). DCA (dynamic contact
angle) is generally used to quantify it and different methods can be applied.
Although the correct observation method of hysteresis would be the one sche-
matized in Fig. 9.4a—i.e., a drop deposited on a tilted surface, generally, first a
drop is dispensed to read the advancing angle, while the receding one is measured
by drop retraction (Fig. 9.4b). Additionally, the material can be immersed directly

Fig. 9.3 The contact angle h formed by a liquid drop on a surface is a consequence of equilibria
among solid–gas (csg), liquid–gas (clg) and solid–liquid (csl) surface tension

Fig. 9.4 Methods for determining advancing and receding contact angles: a tilted plane and
b dynamic contact angle
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in water (or other liquid), which produces the advancing contact angle, and sub-
sequently extracted, generating the receding contact angle.

While the characterization of a superhydrophilic surface (h * 0�) is rather
simple—being related to the spreading of water on the surface to cover the largest
area possible, superhydrophobic surfaces (h[ 150�) are more complex to
describe. In fact, based on surface tension equilibria and Young’s equation, no
known chemistry allows water to configure with a contact angle larger than 120�
on a smooth surface (Hunter 2010): therefore, surface morphology must neces-
sarily be involved to reach a superhydrophobic state.

When surface roughness comes into play, two models are generally adopted to
describe surface wettability, that is, Wenzel state and Cassie-Baxter state (Fig. 9.5)
(Wenzel 1949; Cassie et al. 1944). In 1936 Wenzel stated that adding surface
roughness enhances surface wettability, as shown in Fig. 9.5a, b, where the contact
angle of a water drop on the same hydrophobic surface is apparently higher when
roughness is introduced, and vice versa on hydrophilic surfaces (Fig. 9.5c), since it
is measured against an average line that represents the apparent solid surface. This
variation can be calculated by applying Eq. 9.2:

cos hW ¼ ru cos h0 ð9:2Þ

Fig. 9.5 From top to bottom:
a water drop on a smooth
hydrophobic surface;
b Wenzel state; c detail of
apparent decrease in contact
angle predicted by Wenzel
model (hW) compared to the
one calculated by Young’s
equation (h0) on hydrophilic
surfaces; d Cassie-Baxter
state
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where hW is the contact angle observed on a rough surface following Wenzel’s
model, h0 is the contact angle on an ideally smooth surface of same chemistry, and
r/ is the average roughness ratio, i.e., the ratio between actual surface in contact
with the liquid and projected area of the wetted region (Wenzel 1936). Wenzel’s
theory has been extended during years to take into account the different apparent
contact angles that may be observed on surfaces with nonuniform roughness
(Johnson and Dettre 1964; Wolansky et al. 1999; Gao et al. 2007; Liu et al. 2012).
Wenzel’s model refers to a complete wetting of the surface, and the hysteresis in
contact angle measurements can reach 100�.

The second model, proposed by Cassie and Baxter (1944), considers the for-
mation of air pockets in roughness valleys under the drop, which leads to higher
contact angle values and—theoretically—almost null hysteresis, as shown in
Fig. 9.5d (Johnson and Dettre 1964; Callies et al. 2005; Verplanck et al. 2007).
Similarly to Wenzel’s model, a change in contact angle is computed owing to the
presence of air-liquid interfaces at the droplet-roughness interface. Again, a
parameter is identified to quantify the excess interfacial surface free energy per
unit area, substituting the term csg - csl of Young’s equation with terms that
consider /s—the fraction of solid surface area available for direct contact—and
r/—as in the previous model, the average roughness ratio. The Cassie-Baxter
equation then results to be (Cassie et al. 1944; Marmur 2003; Choi et al. 2009):

cos hCB ¼ ruus cos h1 þ 1� usð Þ cos h2 ð3Þ

where h1 and h2 represent the equilibrium contact angle of the liquid on solid (h0)
and air (180�), respectively. r//s and (1-/s) come to represent the fractions of
drop surface in contact with the solid and with air, respectively.

Indeed, the Cassie-Baxter model also required corrections and extensions in
order to justify the hysteresis that is observed on rough, nonwetting surfaces (Choi
et al. 2009, and references therein).

Another important consideration to understand surface wetting phenomena is
the metastability of most Cassie-Baxter states, with consequent transitions to the
Wenzel state: water tends to penetrate the air pockets to minimize surface energy,
gradually filling all roughness cavities starting from the center of the drop until it
reaches its outer limits. This phenomenon is subject of several research studies
aimed at achieving a controlled and reversible Cassie-Baxter to Wenzel state
transition (Peters et al. 2009; Giacomello et al. 2012; Bormashenko et al. 2013).

In spite of all theories, validations and confutations of Cassie-Baxter and
Wenzel models that may be found on the topic(Extrand 2002; Gao and McCarthy
2007, 2009; Panchagnula et al. 2007; Nosonovsky 2007; McHale 2007; Whyman
et al. 2008), what really causes self-cleaning on superhydrophobic surfaces—in
practical terms—is the achievement of the spontaneous bouncing and rolling of
water drops on a horizontal surface, as will be described in next paragraph (Morra
et al. 1989; Solga et al. 2007; Balu et al. 2008; Myint et al. 2014).
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9.2 The Different Mechanisms of Self-cleaning

As previously mentioned, self-cleaning is a wettability-related property that can be
achieved on both superhydrophilic and superhydrophobic surfaces, being the
obtaining of an extreme wettability state the ruling condition. Here the different
bioinspired self-cleaning mechanisms will be described in more details, starting
from the one that is most commonly applied in the field of building materials
(Diamanti and Pedeferri 2013), based on one of the most studied functional
materials of the last decades: titanium dioxide (Fig. 9.6).

9.2.1 Self-cleaning on Photoactive Surfaces: TiO2

The biomimetic nature of TiO2 self-cleaning mechanism lies in the mimicking of
green plants photosynthesis processes, where sunlight is used to produce highly
energetic chemical species that modify the oxide surface properties and reactivity,
as first described by Fujishima and coworkers in 1970s and further investigated in
the following decades.

In fact, transition metal oxides can be photoactivated by light absorption of
suitable wavelength. This generates the promotion of an electron from the valence
band to the conduction band, where a hole (positive charge) is left: such reactive
species can recombine or react with the surrounding environment, giving rise to a
series of important photoactivated functionalities that contribute to the material
self-cleaning ability (Fujishima et al. 1972; Carp et al. 2004).

One of the most intriguing—yet not easily governable—consequences of
photoactivation is photoacatalysis, i.e., the reaction of photogenerated holes and
electrons with water molecules present in the atmosphere to produce radicals and

Fig. 9.6 Top photoinduced
formation of a
superhydrophilic TiO2

surface (reversible upon dark
storage). Bottom ceramic
panel, partially treated with
TiO2 and exposed to urban
atmosphere for 1 year
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ions with great redox power, which in turn react with organic and inorganic
chemical species adsorbed on the oxide surface and induce their decomposition
(Fujishima et al. 2008). However, the majority of industrial applications involving
photoactivity consists of the production of self-cleaning surfaces (Ganesh et al.
2011; Zhang et al. 2012), with applications ranging from self-cleaning windows, to
antifogging rear view mirrors, to tiles, cements, and other building materials, to
textiles (Drelich et al. 2011; Diamanti and Pedeferri 2013).

The effect relies on the coexistence of two mechanisms: photocatalysis
degrades the organic functional groups by which pollutants adhere to a surface,
while superhydrophilicity forces water to spread completely on the surface, car-
rying away particulate matter and degraded contaminants (Fig. 9.6) (Wang et al.
1997; Ganesh et al. 2011).

Superhydrophilic TiO2 surfaces were first described in 1997 by Wang et al. who
observed a complex modification of surface chemistry, with Ti4+ ions reduction
and oxygen vacancies formation, leading to the formation of a highly hydroxylated
surface layer. The increase of van der Waals forces and hydrogen bonding inter-
actions between water and hydroxyl groups accounts for the extreme wetting
properties under UV irradiation (Wang et al. 1999; Drelich et al. 2011). As an
effect, drops formation on superhydrophilic surfaces is avoided, which precludes
stains due to slow water evaporation from the surface; for the same reason, an
antifogging mechanism is enabled (Lai et al. 2012).

The onset of superhydrophilicity has also been ascribed to the photodegradation
of hydrocarbon contaminants present on TiO2 surfaces: recent XPS investigations
do not reveal substantial formation of OH groups on its surface upon irradiation
(Wang et al. 2003), while several theoretical and experimental studies address the
effects of water adsorption onto TiO2 (Jribi et al. 2009; Diamanti et al. 2013).

The debate in the scientific community on the actual mechanisms of TiO2

photoinduced superhydrophilicity is still open, although both water dissociation
and adsorption and photocatalytic decontamination surely bring a positive con-
tribution to surface hydrophilicity.

9.2.2 Learning from Carnivorous Plants

A fascinating example in nature of a potential self-cleaning surface with hydro-
philic character is represented by Nepenthes pitcher plants (Fig. 9.7). The pray-
trapping technique of such carnivorous plants is based on a cup-folded leaf filled
with nectar juices and digesting enzymes: insects, attracted by the sweet nectar,
lean on the inner rim of the leaf and find an extremely slippery surface, which
forces them to fall inside the cavity, with no hope for climbing the leaf back.

The reason for this unexpected trapping lies in the interplay between surface
hydrophilicity and its hierarchical structure (Gaume et al. 2002; Bohn et al. 2004).

The peristome surface has a very regular microstructure consisting of first- and
second-order radial ridges formed by straight rows of epidermal cells, each
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overlapping the adjacent cell, so that the surface contains a series of steps toward
the pitcher inside and is anisotropic. In some species, this surface is covered with
wax; still, the actual trapping mechanism is based on the formation of a layer of
water on top, owing to the presence of hygroscopic nectar—in fact, their trapping
ability is boosted in rainy days. Surface wettability is anisotropic, following ridges
direction (Bohn and Federle 2004; Bauer et al. 2009).

This peculiar structuring has recently become focus of several research studies
dedicated to the production of slippery surfaces, with applications in the field of
self-cleaning, anti-icing, antifouling, and fluid transport (Lafuma and Quéré 2011;
Kim et al. 2012b; Epstein et al. 2012). The first biomimicking of pitcher plants was
proposed by Wong et al. (2011), who labeled their newly developed system as
SLIPS—slippery liquid infused porous surface. SLIPS are based on micro-nano-
structured porous surfaces that are infused with lubricating liquids, which induce a
superhydrophobic character until the lubricant stably wets the surface: currently,
the major issue of such self-cleaning and anti-icing mechanism is indeed the effect
durability (Rykaczewski et al. 2013).

9.2.3 Hydrophilic and Superoleophobic Plants and Animals

Pitcher plants are just the first example of natural systems used as reference in
biomimetic self-cleaning materials. Several systems take inspiration from hydro-
philic surfaces, with different mechanisms. Recent investigations on some mi-
crostructured surfaces, such as snail shells (Fig. 9.8a), brought to light a peculiar
superoleophobic behavior that induces extraordinary self-cleaning performances:
also in this case, the presence of water is crucial for the mechanism to work.

Fig. 9.7 Nepenthes pitcher plant: on the left, folded leaves that create pitcher traps (Copyright �
2013 Alessandro Pelizzi). On the right, Nepenthes pitcher and peristome morphology
highlighting the porous cross-sectional structure and the two levels of ridges (Adapted with
permission from Bohn and Federle 2004; Copyright � 2004 National Academy of Sciences,
U.S.A.)
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In fact, snail shells are naturally oleophilic—they show a contact angle of oil in
air of approximately 10�—but they can be turned into superoleophobic, with
contact angles of oils higher than 150� when immersed in water, or when covered
by a water layer. Once more, surface chemistry and microstructure are responsible
for this behavior: the protein-coated shell has three ranges of millimeter and
micrometer wide grooves that create a hierarchical pattern, where water can be
trapped, hindering the direct contact with oil (Nishimoto and Bhushan 2013).

Analogous results can be achieved by mimicking fish scales, and specifically
shark skin. Initially studied for the low drag properties that account for sharks
speed (Bechert et al. 2000; Krieger 2004; Dean and Bhushan 2010), the scales
microstructure (Fig. 9.8b) was recently connected to the possibility to create self-
cleaning surfaces. In fact, each scale presents a precise texture of riblets parallel to
swimming direction, which deviate water flow and vortices while swimming at
high speed, reducing the contact area with turbulent flow and therefore minimizing
friction and shear stresses. In parallel to an improvement of drag properties, this
microstructure decreases microorganisms adhesion and therefore biofouling, and
increases surface washing (Bixler and Bhushan 2012; Nishimoto and Bhushan
2013). In 2007, Schumaker and coworkers proposed several substrate topographies
inspired to shark skin, and evidenced the dependence of biofouling reduction—in
terms of zoospores adhesion—on the dimensions of geometrical protrusions.

9.2.4 The ‘‘lotus effect’’

In spite of the growing scientific, technological, and industrial interest in the
natural systems previously described, the most representative case of biomimicry
remains the ‘‘lotus effect,’’ named after the lotus—Nelumbo nucifera—leaf self-
cleaning capability, which now counts hundreds of scientific publications and
several dedicated websites.

Although lotus has always been considered an icon of purity in ancient oriental
societies, thanks to its perpetual cleanliness even in muddy waters, Barthlott and
coworkers were pioneers in investigating lotus surfaces and identifying the

Fig. 9.8 a snails show outstanding self-cleaning behavior in wet environments; b scale pattern of
a Galapagos shark (Adapted with permission from Reif 1985)
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correlated self-cleaning mechanism (Barthlott and Neinhuis 1997). Their study
unveiled a first level of micrometric asperities, 20–40 lm apart, and a more
complex roughness at the nanoscale induced by the presence of epicuticular wax
crystals (Fig. 9.2). This mixture of surface chemistry and hierarchical micro-
nanostructuring, which has then been identified on several other plants and leaves,
accounts for surface superhydrophobicity (Fig. 9.9), producing a water contact
angle of 160� and sliding angle lower than 4�, and consequently allowing water
rolling and bouncing on the surface. (Cheng et al. 2006; Su and Chen 2008; Koch
et al. 2009). Since the presence of micro- and nano-asperities drives surface
wettability, Quéré in 2002 depicted the behavior or water on these surfaces by
introducing the concept of ‘‘fakir droplets‘‘ (Quéré 2002).

Other plant leaves show analogous, or similar, hierarchical arrangement of
micro and nano texture. Taro, or Colocasia esculenta, surfaces also exhibit the
same hierarchical structure, the only difference being the shape of wax nano-
structures (Koch et al. 2008; Xiu and Wong 2010). Rice leaves of all rice categories
show the same binary structure of lotus leaves, with 5–8 lm papillae parallel to the
leaf edge and nanoscale pins distributed on the whole surface sublayer: this explains
the peculiar superhydrophobicity of rice leaves, which is anisotropic—with sliding
angles of 4� in the papillae direction and 12� perpendicularly. Other examples of
self-cleaning superhydrophobic surfaces coming from the Plant kingdom include
purple setcreasea petals, indian canna leaves, perfoliate knotweed, wild pansy
flowers (Fig. 9.9c) (Guo and Liu 2007; Schulte et al. 2011). Another interesting
plant showing superhydrophobicity is the tropical aquatic fern Salvinia molesta
(Barthlott et al. 2010; Bhushan 2012), where the effect is related to multicellular
surface structures consisting of crown-like hairs of hundreds of micrometers—up to

Fig. 9.9 a Examples of superhydrophobic daisies and grass (Copyright � 2013 Giorgio Re);
b An almost ballshaped water droplet on a nonwettable plant leaf (Adapted with permission from
Blossey 2003); c Macro photo of a water droplet on a flower of the wild pansy (Viola tricolor)
(Adapted with permission from Schulte et al. 2011); d Salvinia Molesta SEM micrographs of hair
structure (Reprinted with permission from Barthlott et al. 2010)
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millimeters of length: this macroscopic hierarchical structure retains air, which
induces a Cassie-Baxter wetting state (Fig. 9.9d).

Finally, some superhydrophobic rose petals show unexpected adhesion of water
drops, which remain adherent to the surface even if tilted to 180�. This effect is
driven by microstructures spacing: if microsized pillars are far enough, it is pos-
sible for water to fill the air gaps, causing a Cassie-Baxter to Wenzel transition and
increasing surface adhesion (Nosonovsky and Bhushan 2012).

Animals are not outdone in terms of variety of interactions with water and
hierarchical microstructuring. For instance, water striders (Gao and Jiang 2004),
like water spiders (Yang et al. 2008) and several other insects, present thin
hydrophobic wax-coated hair that allow them to trap air, analogously to a Cassie-
Baxter surface, and float on water (Fig. 9.10a, b). Mosquito’s eyes have antifog-
ging properties, generated by the hexagonal nonclose-packed nanonipples arrays
that cover hundreds of microhemispheres, which in turn are arranged in hexagonal
close-packing, as shown in Fig. 9.10c (Gao 2012; Xiu and Wong 2010). Similarly,
cicada wings consist of wax-coated hexagonally packed pillars whose height is
approximately 250 nm and spatial distribution is slightly higher than 100 nm
(Fig. 9.10d) (Nishimoto and Bhushan 2013).

Butterfly wings are covered with hierarchical scales, which induce once again
the desired self-cleaning effect, with an anisotropic structure that drives water along
the radial outward direction, while high resistance to water droplets movement is
opposed in the inward direction (Bixler and Bhushan 2012; Wong et al. 2013).

9.2.5 Gecko

Geckos are renowned in the field of biomimicry for the outstanding adhesive
properties of their toes, based on dry adhesion, which gives them the ability to
cling to any surface and detach at will. The means that allows such powerful

Fig. 9.10 a SEM image of a water strider leg showing oriented microsetae (Reprinted with
permission from Gao and Jiang 2004); b water spiders have thin hydrophobic (wax-coated) hairs
with nanoscale roughness which trap air and enhance hydrophobicity (Reprinted with permission
from Yang et al. 2008); c SEM image of a mosquito eye (Reprinted with permission from Xiu and
Wong 2010); d SEM image of a cicada wing (Reprinted with permission from Xiu and Wong
2010)

9 Bioinspired Self-cleaning Materials 223



adhesion is again the presence of hierarchical structures: each toe is covered with
rows of overlapping pads (lamellae) each consisting of millions of densely packed
microscale hair, called setae, further branching off in nanoscale spatulae
(Fig. 9.11). This creates a huge contact area—ultimately, gecko adhesion is pri-
marily pushed by van der Waals forces (Ruibal and Ernst 1965).

Still, a crucial aspect that was not considered in early studies on gecko spatulae
is their ability of remaining clean from contaminants (Hansen and Autumn 2005):
this has recently become the focus of a new branch of biomimetic self-cleaning
surfaces.

The mechanism diverges from those previously described, which all involve the
action of water. In this case, a disequilibrium in adhesive forces between dirt,
substrate and gecko spatulae has been indicated as the source of such phenomenon.
In spite of the huge adhesive strength of full setae, dirt particles—due to their small
size—can only adhere to few spatulae: as a consequence, the substrate-particle
adhesion strength remains higher than the setae-particle one, and can even help
restoring clean spatulae in case of contamination by simply moving the setae on
the surface, which generally occurs within few steps (Hansen and Autumn 2005).
In fact, gecko feet do accumulate dirt, but the essence of their self-cleaning is the
ability to clean toe pads while in motion.

Self-cleaning of gecko—and other insects, such as Hymenopterans, Coccinel-
lids and Phasmatodeas—was further studied thoroughly by several research
groups (Clemente et al. 2009; Hu et al. 2012; Orchard et al. 2012), in order to get a
deeper insight of the process and replicate it, by monitoring the variations of
adhesive strength of their feet—which lose stickiness when contaminated, and
recover it when clean. Hu et al. proposed in 2012 a dynamic digital hyperextension
mechanism: setae can recover up to 80 % of their adhesive strength in only four
steps in hyperextension mode, that is, with sudden releases, while the recovery
limits to 40–50 % in case of absence of digital hyperextension motion.

Fig. 9.11 Hierarchical structure of a gecko and its initial contact to a surface: lamellae
(attachment and detachment), and setal arrays to the spatulae are highlighted (Adapted with
permission from Tian et al. 2013)
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9.3 Production Techniques and Applications

It should now be clear how technologically important the understanding and
development of self-cleaning surfaces is. Plants developed such capability to pro-
tect themselves from hazardous microorganisms such as bacteria, and to maintain
their energy source unaltered during their lifetime: in fact, covering leaves with
mud, dust, soot, or any other contaminant would hinder photosynthesis, which
requires solar energy to reach the leaf surface and be absorbed and converted by
chlorophyll-containing proteins. On the other hand, artificial self-cleaning surfaces
applied to the built environment could bring major energy savings, starting from
indirect costs—i.e., the reduction of maintenance and cleaning interventions—and
affecting also the overall material performance, with a prolonged maintaining of its
reflectance properties and therefore of the energy gain through solar irradiation. As
a consequence, a more reflective surface—especially in the infrared spectrum—
would decrease the amount of absorbed energy, and therefore the need for air
conditioning in hot season, attenuating the urban heat island phenomenon (Lev-
inson et al. 2005; Sleiman et al. 2011). Moreover, as previously cited, several
research works are now dedicated to the implementation of self-cleaning func-
tionalities on solar cells, to avoid efficiency losses due to atmospheric soiling.

Efforts in biomimicking the abovementioned self-cleaning mechanisms are
huge, and include all mechanisms described, from SLIPS to photoinduced super-
hydrophilicity, to superhydrophobic surfaces (Genzer and Marmur 2008; Liu and
Jiang 2012). Both the production techniques that can be adopted and the materials
used as starting building blocks are numerous. For instance, a comprehensive
description summarizing the realization of superhydrophobic surfaces with lotus
effect can be found in Bhushan et al. (2010); details on the use of self-cleaning
superhydrophilic coatings are given in Drelich et al. (2011), and Nakata and Fu-
jishima (2012). In the latter case, the methods most commonly applied to generate
TiO2, ZnO, WO3 or SiO2 superhydrophilic surfaces involve the deposition of a
coating, generally by sol-gel spray-coating or dip-coating deposition, as well as by
sputtering and physical (PVD) or chemical (CVD) vapor deposition (e.g., in the
case of glass), or alternatively the massive addition of nanoparticles to the substrate
itself (e.g., in the case of paints, or cementitious materials). On the other hand,
superhydrophobic surfaces are not only based on surface chemistry, but also—and
prevalently—on a hierarchical surface structure. As a consequence, production
techniques are necessarily more elaborated, and follow two approaches: either a
surface with suitable morphology is chemically modified to achieve low surface
tension, or a hydrophobic material is used to build hierarchical structures (Guo et al.
2011). Examples of artificial hierarchical structures are reported in Fig. 9.12.

These approaches belong to lithography, etching, deposition and self-assembly,
and include plasma and chemical etching, electropolymerization and chemical
polymerization, nanoimprint, electrodeposition, self-assembly, as well as sol-gel
and CVD. Coatings generally consist of low surface tension polymers—such as
Teflon, PDMS or fluorinated polymers, silicon, silica, carbon nanotubes or
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composite systems; superhydrophobicity was also achieved by controlled etching
of metallic surfaces, such as steel, copper, and aluminum (Bhushan et al. 2010;
Guo et al. 2011).

Here we list some outstanding examples of biomimetic self-cleaning surfaces,
and of how they were created.

In a work by Kwon et al. (2009) silicon surfaces were uniformly modified by
combining two etching techniques, generating a superhydrophobic nonclosely
packed roughness with contact angles higher than 170�, low contact angle hys-
teresis and tilting angles lower than 2�. The authors observed multiple bouncing of
water droplets on the surface, proving the onset of a Cassie nonwetting state.

A large-area substrate was converted by Lee et al. (2010) into a superhydro-
phobic surface by combining PMMA microspheres and a silicon grease, which
was turned into a nanostructured ceramic through electron irradiation: the obtained
microporous structure with ceramic nanobumps showed good mechanical stability
to standard tests.

In a recent work by Zhang et al. (2013b) fluoro-silicone nanofilaments were
combined with Krytox liquids to produce a SLIPS structure and achieve antiw-
etting coatings inspired to Nepenthes pitcher plants (Fig. 9.13). Contact angle
increased with surface tension of liquids investigated, and a sliding angle of 4� was
recorded with both polar (water) and nonpolar (n-hexadecane, n-decane) liquids.

Groten and Rühe (2013) investigated more in-depth the effect of multiscale
hierarchical structures on surface wetting, by producing nanoscale, microscale or
combined micro and nanoscale roughness on silicon substrates by etching, and
coating them with a fluoropolymer. Nanorough surfaces showed contact angles
close to 180� and almost no contact angle hysteresis, but at the same time poor
mechanical stability was observed, while multiscale hierarchical structures with
identical chemical composition allowed both to reach superhydrophobicity and to
confer wear resistance to the surface.

Nevertheless, the latest advances in the field of self-cleaning surfaces were
proposed by Bird et al. (2013) who designed a fluorosilane-coated, laser-ablated

Fig. 9.12 a A designed rough surface (Reprinted with permission from Blossey 2003); b SEM
images of nanopillar array manufactured on quartz by mask-free lithography with PMMA resist,
inset contact angle (Adapted with permission from Kim et al. 2012a); c SEM picture of a micro-
patterned polymer (KratonTM D-1102CS) film with gap size 5 lm and pillar height 10 lm
(Reprinted with permission from Peters et al. 2009)
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silicon wafer with superhydrophobic character and demonstrated the reduction of
contact time of water on the surface by breaking the drop dynamics symmetry.
This surface is now described as the most waterproof material ever. Investigations
from the same research group led in 2012 to LiquiGlideTM, a patented liquid-
impregnated, nontoxic coating based on SLIPS concept that has wide applications
in consumer packaged goods to decrease the adhesion of fluids—food, cosmetics,
drugs—to the container, thus improving product evacuation and reducing wastes
(Smith et al. 2013).

Still, in the building industry—where large surface areas must be treated—the
most diffuse wetting modification treatments are those based on superhydrophobic
carbon nanotubes (CNTs) or SiO2 (Guo and Wang 2010; Bu and Oei 2010) and
superhydrophilic TiO2 (Chen and Poon 2009; Diamanti and Pedeferri 2013). As
for the latter case, several works describe the obtaining of self-cleaning, super-
hydrophilic glass, tiles and construction materials in general, with hundreds of
scientific publications and a growing number of self-cleaning products developed
and commercialized (Diamanti 2012). Current evolutions in this research field are
related to combining micro and nanotextures with the photoinduced superhydro-
philicity of TiO2, as in the study proposed by Nakata et al. (2011), where PET
films with moth-eye-like surfaces were modified to achieve self-cleaning and
antireflective coatings for solar cells.

On the other hand, superhydrophobic treatments mainly involve glass and
textiles. Epoxy resin micropillars coated with 10 nm SiO2 nanoparticles or mul-
tiwall CNTs showed excellent superhydrophobicity under 1 kPa water jet (contact
angles higher than 160�, increasing hysteresis with exposure to water jet), com-
bined with mechanical stability and wear resistance (Jung and Bhushan 2009;
Ebert and Bhushan 2009).

Additionally, Joshi et al. (2012) proposed dip-coating and layer-by-layer self-
assembly of nanosilica and nanoclay particles to develop superhydrophobic cotton
through properly aligned nanoroughness. Once again, matching an adequate

Fig. 9.13 Preparation of the composite fluoro-silicone nanofilaments/Krytox anti-wetting
coatings inspired to Nepenthes pitcher, and various liquids contact angle (Adapted with
permission from Zhang et al. 2013b)
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surface nanostructuring with low surface tension—conferred by coating the
modified surface with a fluorocarbon-based emulsion—allowed to reach and
exceed contact angles of 150� and low sliding angles.

CNT-modified glass surfaces were produced with 80 % transmittance in the
visible region, overcoming the issue of transparency related to the use of CNTs
coatings (Bu and Oei 2010; Meng and Park 2010).

The possibility of achieving switchable superhydrophilic/superhydrophobic
surfaces is also of great interest, in order to produce surfaces with controllable
interactions with water: this was achieved with CTNs (Men et al. 2010), as well as
with ZnO (Sun et al. 2013) (Fig. 9.14) and TiO2 (Lai et al. 2012), which allowed to
maintain a transparency of 80 %.

SiO2 nanoparticles were also employed by Gao et al. (2011) to produce the
opposite effect—i.e., superhydrophilic glass surfaces with contact angles varying
in the range 0� 7 20� depending on the formation conditions of SiO2 layers. SiO2/
TiO2 composite films also find wide application in this field, owing to the
simultaneous obtaining of self-cleaning and antireflective conditions (Zhang et al.
2013a).

9.4 Concluding Remarks

Nature is a constant source of inspiration for technological innovations, as
described in this review on bioinspired self-cleaning surfaces. Such materials have
already proved their valuable help in reducing surface soiling, which is of particular
interest in the built environment, where building envelope materials undergo a
constant soiling operated by atmospheric contaminants. The development of self-
cleaning materials—and of the related properties of antifogging, low adhesion,
antifouling, and possibly antireflection—contribute to the field of green technolo-
gies through a reduction in maintenance costs and energetic consumptions.

The working mechanism of the different self-cleaning technologies discussed is
summarized in Fig. 9.15 in order to provide a comparison among their potential
efficiency.

Fig. 9.14 Optical images of a water droplet on the surface of a film composed of ZnO hollow
microspheres with 2D nanosheet stacks (Adapted with permission from Sun et al. 2013)

228 M.V. Diamanti and M. Pedeferri



A first observation concerns the role of water, which is vital in all situations to
carry away particles from the surfaces. Furthermore, the nature of contaminants
also plays a key role: while water can easily carry away any type of contaminant,
be it inorganic, organic, oil-based, or hydrophilic—owing to the possibility of
partial contaminant degradation offered by the conjugated photocatalytic activ-
ity—superhydrophobic materials only offer water a bouncing surface, therefore
hydrophobic contaminants are hardly removed. Opposite considerations apply to
hydrophilic, superoleophobic surfaces, where hydrophilic sources of soiling are
retained by the surface.

Superhydrophilicity should therefore appear to be the most promising tech-
nology to produce effective and reliable self-cleaning surfaces; nevertheless, its
drawback lies in the need for photoactivation, which makes it purposeless in the
absence of a suitable irradiation source—in most cases, UV light is required,
limiting its use in outdoor applications. Current research is dedicated to the
development of doped TiO2 components with visible light activity, which may find
application indoor as well.

One last note must be dedicated to durability. The use of a surface modification
technique to alter the wettability properties of building materials cannot set aside
the treatment lifetime, as such materials are generally designed for service lives of
several decades. Moreover, atmospheric dust and particles may exert some erosive
effect on the material surface. In this respect, the use of coatings with enhanced,
extremely controlled micrometric and nanometric roughness could be detrimental,
unless the coating is proved to exhibit excellent wear resistance. If a superhy-
drophilic coating is employed, this issue is mitigated, as only the complete
removal of the coating—rather than its partial damage—would hinder its func-
tioning. On the other hand, such photoactive coatings may suffer from deactivation
due to irreversible adsorption of reaction products released during contaminants
degradation.

Fig. 9.15 Mechanisms of self-cleaning on a superhydrophilic surfaces, b hydrophilic, super-
oleophobic surfaces (SLIPS), and c superhydrophobic surfaces, and related ability to remove
hydrophilic (1) or hydrophobic (2) contaminants
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It is therefore clear how the choice of the most suitable self-cleaning technology
must necessarily take into account the surrounding environment, in terms of water
availability (e.g., rain), level and type of pollution, and possibility of erosion (e.g.,
in sandy environments, in the presence of wind).
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Chapter 10
Bio-inspired Bridge Design

Nan Hu and Peng Feng

Abstract This chapter reviews the development of the bio-inspired concept on
bridge design in the past two decades from two major forms: stationary forms and
movable forms. The objective is to show how the inspiration from the biological
world has influenced recent bridge designs and discusses how the bio-inspired idea
could transform into a new language for the future bridge design industry. Four
major challenges of the marriage between biology and engineering were discussed
and latest endeavor on each aspect are presented. Thus, a close multidisciplinary
collaboration may help engineers build more sustainable and smart structural
systems for bridges in the twenty-first century.

10.1 The Inspiration from Nature

A paradigm on biomimetics has emerged in the past two decades featuring
the translation of biological inspiration into a powerful problem-solving tool
(Bar-Cohen 2011, 2012; Bhushan 2009; Bonser 2006; Petra 2008; Vincent 2006;
Vincent and Mann 2002; Yoseph 2006). Bio-inspired design is perhaps the oldest
methodology throughout the thousands of years on man-made construction history.
In ancient times, the designs of early architecture were more or less inspired from
the natural forms even without being aware of such influence. Later in history,
pioneer architects led by Antoni Gaudi and Frank Wright started to actively
consider nature as design prototypes and incorporated that philosophy into much
of their uniquely creative designs. The major drawback of biological inspiration in
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architectural design is that only the geometrical aspect of biological creatures
that commonly aimed to achieve visual expression were learned without much
attention to efficiency and economy. Review articles about the development of
bio-inspired architecture can be found in papers (Aldersey-Williams 2004; John
et al. 2005; Knippers and Speck 2012; Petra 2008).

Architectural design and structural design are professions that have a historical
misunderstanding, even though the core of both professions is shaping man-made
structures. That was not the case during most of history because up until the end of
the eighteenth century, the two professions were as one. After the Industrial
Revolution, engineering developed as a discipline in its own right with a scientific
basis and moved increasingly further away from architecture. The rationale behind
the history of structural design did not change much no matter the scale of a
structure, which featured a search on a cost-effective and performance-efficient
design without losing its elegance. A structural design can be regarded as a work
of art by the following three tenets: economy, efficiency, and elegance Billington
(1983) Bridge design, in particular, is a unique regime where engineers evolved a
dominant role over architects and are capable of designing a work of art in their
discipline.

Biological inspiration on bridge design is not a recent topic. Ancestors started to
build ancient bridges after recognizing how the natural world used structural forms
to span physical obstacles. In fact, all basic types of modern bridge forms (beam,
arch, and suspension) can find their ancient prototypes in nature (Tang 2007). The
only difference is that ancient people built the bridges with natural materials
(wood, vines, stone, and ropes) while modern technology uses steel, concrete, etc.
Even new structural forms show connections with natural forms. For example, the
Hacking Ferry Bridge’s three-way deck (45 m on each side) in Fig. 10.1b not only
provides sufficient structural stability but also necessary clearance for the channel.
The Webb Bridge (Fig. 10.1d) at Melbourne has a curve layout instead of a
straight one, but provides an interesting experience to the bicyclists and pedes-
trians. Architects or engineers may not directly learn from natural forms, but it
does show that biological creatures can be regarded as a significant resource with a
variety of interesting designs.

Limited papers are found on the discussion of bio-inspired bridges. Hu et al.
(2013) summarizes five main aspects in nature (Table 10.1) that may inspire the
development of future bridge systems: geometry, structure, kinetic mechanism,
energy efficiency, and intelligence

It is shown that biological inspiration is a very promising route to inspire bridge
design not only in traditional stationary forms but also in emerging movable form.
Thus, the objective of this chapter is to present a review on recent bridge projects
to show how the bio-inspired philosophy has impacted conceptual design in the
past and will bring a new language in the future that potentially could encourage a
marriage between biological knowledge and bridge design.
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10.2 Bio-inspired Form-Finding

Biological inspiration on engineering design has developed in various aspects, but
still faces new challenges. For example, the tree is a classic prototype in bio-
inspired research (Mattheck 1998). The trunk and supporting branches of a tree is a
brilliant example of structural optimization. From a morphological perspective,
many trees are subjected to wind load and evolutionary transform into an

Fig. 10.1 The biological shape and structural shape in bridge a shape of starfish (photo
Wikimedia Commons); b Hacking Ferry Bridge (photo Wilkinson Eyre Architects); c earthworm
shape (photo Wikimedia Commons); d Webb bridge (photo bridgeworld.net)

Table 10.1 Toward the bio-
inspired bridge

Prototype in
nature

Bio-inspired design goals

Geometry Eye-catching and signature bridge

Structures Material-adapted supporting and deck
system

Mechanism Deployable and moving bridge

Energy Sustainable and multifunctional bridge

Intelligence Self-control and smart bridge
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adaptable structural form. From a sustainability perspective, engineers were also
trying to rediscover intelligent features of trees, such as the ability to self-adapt, be
self-controlled, and be energy efficient, which leads to some interesting sustainable
designs. Vincent (2001) developed a biomimetic ‘‘map’’ to clarify the transfer
from biology to engineering, as shown in Fig. 10.2.

The more one can move further down from the natural origin (top left), the
more powerful the concept will be. It illustrates that inspiration from biology at
the top level can be more adaptable within the engineering discipline, even though
the final product may vary far away from the prototype founded in nature. There
are many versions of this diagram which could be drawn for any engineering
design problems.

For structural design, some engineers may claim with buildings and bridges as
large-scale man-made structures, it is difficult to reach the efficiency as biological
creatures. However, many engineers have been sparked by the bio-inspired phi-
losophy and are dedicated to the development of bridges in future generations.
After simply borrowing geometrical feature from nature for centuries, recent
efforts in bridge design and construction by both architects and engineers have
shown inspiration from the mechanistic and the material level. Table 10.2 shows
many recently built bridge projects with a varied level of inspiration from different
aspects in the nature. Most designs are still within the low level of inspiration (total
mimicry, partial mimicry, and abstraction), sometimes resulting in many awkward
shapes rather than efficient structural forms. Fewer designs featured a high-level of
inspiration, in which design problems are addressed by biomimetics. A logical
explanation is that those engineers are aware of bio-inspired idea, but they are not
capable of finding tangible resources that could revolutionize their designs.

10.2.1 Stationary Forms

Traditionally, bridge design is still a classical static problem searching for efficient
forms across existing roads and rivers. The best bridge design in history has been
regarded as structural art, because it shows very good balance on economy, effi-
ciency, and elegance (Billington 1983).

Fig. 10.2 Biomimetics
‘‘map’’ (Vincent 2001)
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Not coincidentally, structural forms in nature also integrate these three tenets,
ranging from a plant stem to animal skeletons. The awareness of learning from
natural shapes pushed architects and engineers to think out of the box in many
recent bridge designs, practically in the design of small-scale structure such as
pedestrian bridge. Some architects have realized the benefit of using bio-inspired
philosophy to improve visual impact and esthetic value of a pedestrian bridges, but
this leads to the tendency of defining the structural forms by architects which leads
to extravagance in pedestrian bridge design (Gauvreau 2002). Two examples in
Singapore are shown in Fig. 10.3a, b. The curvilinear steel ‘‘ribs’’ along the side of
the Henderson Road Bridge may be inspired from natural waves, while the double
helix bridge was inspired from the shape of the DNA. Both have become a new
landmark for the community. However, a partial mimicry of the geometric shape
from nature led to awkward designs with difficult construction and high cost. The
efficiency and economy of these designs are questionable. The Chunhua footbridge
(Fig. 10.3c) at Shenzhen, China, copied the shape of a flower, but it is not a cost-
effective design compared to a regular design. Another recent controversial design

Table 10.2 Recent bridge projects with varied level of bio-inspiration (Hu et al. 2013)

Bridge name Built Location Main bio-inspired
aspect

Inspiration
level

Campo Volantin
bridge

1997 Bilbao, Spain Structure of beam Mechanics

Foldable bridge 1997 Kiel, Germany Kinematics of beam Mechanics

Butterfly bridge 1998 Bedford, UK Structure of arch Partial
mimicry

Nesenbach valley
bridge

1999 Vaihingen, Germany Structure of beam and
pier

Mechanics

Millennium bridge 2001 Gateshead, UK Kinematics of main
arch

Abstraction

Ribble Way bridge 2002 Lancashire, UK Shape of layout Abstraction

Webb bridge 2003 Melbourne, Australia Shape of layout Abstraction

Rolling bridge 2004 London, UK Kinematics of beam Mechanics

Dragon bridge 2008 Recklinghausen,
Germany

Shape of
superstructure

Total
mimicry

Chords bridge 2008 Jerusalem, Israel Cable-stayed
structure

Abstraction

Henderson bridge 2008 Singapore Shape of beam Mechanics

Double Helix
bridge

2009 Singapore Structure of beam Partial
mimicry

Chunhua footbridge 2011 Shenzhen, China Shape of layout Total
mimicry

Peace bridge 2012 Calgary, Canada Structure of beam Abstraction

Dragon Eco bridge 2012 Chongqing, China Structure of arch Partial
mimicry
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in Calgary is the Peace Bridge by Santiago Calatrava (Fig. 10.3d), which was
inspired by fishbone structures.

The public criticized that this design was too modern in the old downtown.
Given that most engineers are not capable of finding inspiration, bionic research
should try to establish a database with potential engineering solutions, such as an
illustrated guide to flowering plant morphology for learning plant forms.

The efficient natural forms feature optimal material distribution along with
elegant shapes. Historical studies on many bridge structures showed that there are
two necessary conditions that contributed to the birth of a masterpiece design, i.e.,
the understanding of structural principles and the efficient use of construction
materials. In the past 2 decades, some leading engineers have become increasingly
aware of learning from nature so that a variety of bridges were built with inspi-
rations on the mechanical principles of nature. For example, the twin inclined steel
arches as the supporting system of the Butterfly Bridge (Fig. 10.4a) were inspired
from butterfly wings. The use of arch hangers is similar to the veins in a butterfly
wing. In contrast, the Dragon Bridge (Fig. 10.4b) is totally mimicry of a dragon-
like skeleton form in which the actual structural system is the girder and column
underneath the deck. Santiago Calatrava is a well-known architect with a strong
bio-inspired motivation in his designs. Like his predecessor Spanish fellow

Fig. 10.3 Bio-inspired shape in recent bridges: a Henderson bridge (photo RSP Architects);
b double helix bridge (photo Cox Architects; c Chunhua footbridge (photo China Foto Press);
d Peace bridge (photo Nelson Hein)
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architect Antonio Gaudi, many bridge designs by Calatrava were inspired from the
structural forms of plants and animals. The main girder of the Campo Volantin
Bridge was inspired from the spine structure as shown in Fig. 10.4c, while the
tower of the Chords Bridge (Fig. 10.4d) was created with inspiration from the leg.
Knippers and Speck (2012) used design principles in natural structure character-
ized by heterogeneity (geometric differentiation of their elements), anisotropy
(fiber-reinforced composite materials), hierarchy (multilevel structure with inde-
pendent functional properties), and multifunctionality.

It is worth mentioning that both structure and material in nature often appear in
a composite way. Thus, the principle of more efficiency and less material in nature
also indicates the trend of composite materials and structures for future bridge
design.

The innovation of structural forms was reliant on the development of new
materials. History clearly demonstrates that new materials are only successful
when the substitution phase has been surmounted and when a transition to new
material-tailored structural concepts and construction processes occurs (Dooley
2004). Great builders were then liberated from tradition and tried new materials in
the old forms: cast iron in a wood arch, steel in a wood truss, and reinforced

Fig. 10.4 Bridge design cases of bio-inspired structural system: a Butterfly bridge (photo
Wilkinson Eyre architects); b Dragon bridge (photo Structure Website, Id 108893); c Campo
Volantin footbridge (photo Structure Website, Id 141499); d Jerusalem Chords bridge (photo
Wikimedia Commons)
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concrete in a stone arch (Billington 2003). Therefore, future structural form must
be material-adapted to achieve high efficiency.

Figure 10.5 shows three bio-inspired proposals of new structural systems. A
bridge crossing the River Douglas in Lancashire (Fig. 10.5a) was turning biomi-
metic research into pioneering lightweight structures with small steel elements and
a pressurized air beam.

This design was inspired from the internal pressures seen in nature which create
self-supporting structures. Another interesting design (Fig. 10.5b) has a series of
intersecting spirals as the structural system. The designers incorporated a seedpod
spiral shape from the tree Tipuanatipu and a rectilinear lattice seen in the
Euplectella as bridge cover (Dollens 2005). The spirals also reflect the colors of
the trees, light so that they will merge into the environment. It is noted that the
optimized structural form in future bridge designs should utilize appropriate
material-adapted form and certain manufacturing technology.

Energy costs on man-made structures are always a big concern. Future bridges
may also play an important role relating to sustainability and the use of green
energy. ‘‘Green’’ bridges are designed to reduce the overall impact of the built
environment on the natural environment. The idea of ‘‘running on natural energy’’

Fig. 10.5 Bio-inspired design proposals: a Douglas river bridge (photo Exploration Architec-
ture); b Spiral bridge
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should not only be embodied in the period of construction, but also be extended to
the whole life cycle. Photovoltaic solar panels for example could be installed on
the bridge so that it could provide sustainable electricity for any use. The reno-
vation project of the Blackfriars Bridge over the Thames River led this old bridge
to a very notable landmark as shown in Fig. 10.6.

The power produced by the photovoltaic panels on the roof can support
Blackfriars station’s overall power requirement. The critical issue for developing
future bridges is how to make best use of natural energy. Future proposals have
taken the sustainable issue into account. Wilkinson Eyre Architects proposed a
botanic bridge in 2002 at the gateway to the University of Newcastle, which pro-
vides an ecological space above the bridge, as shown in Fig. 10.7a. Bridge struc-
tures are built to minimize material use and recycled natural resources.
Figure 10.7b shows an interesting proposal about the installation of wind turbines
between the bridge piers for some heavy wind locations. It is noted that future
bridges may also have multifunctional features on energy issues, not only for
energy use but also for energy harvesting, energy absorption, and energy storage.
The design of such smart structures will require a higher level inspiration that
designs the structure in a more comprehensive way.

10.2.2 Moveable Forms

Compared to most stationary forms, another interesting bridge design problem,
moveable form, can also be inspired from the kinetic mechanisms in nature.
Movable bridges represent an economical way for traffic to cross an active
waterway granting passage with little vertical clearance. Wallner and Pircher
(2007) summarized three prevailing structural systems of moveable bridges such
as bascule, swing, and lift bridges. Those examples of movable bridge in all types,
in fact, represent not only a unique mechanism, but also a self-adapting way to the

Fig. 10.6 The solar panel on Blackfriars bridge (Hu et al. 2013)
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natural world. Figure 10.8 exhibits Paddington Rolling Bridge with a span of
12.9 m, which has served both pedestrians and the channel in an interesting way.

Although designers may not have completely agreed with the statement that
structural form is like a rolling insect, its shape and structural principle coincides
with the biological creature. If engineers can try to invite kinematic principles
from nature during the conceptual design phase, mechanisms for guiding move-
ments in movable bridges may be better defined. One example (Fig. 10.9) is the
Gateshead Millennium Bridge in Newcastle, UK. The designers adopted an
unconventional open mode to adapt to channel traffic in the Tyne River. Another
example in Fig. 10.10 is the Keil-Horn Folding Bridge with a remarkable trailing
design case where three segments are held by cables when it opens for channel
traffic.

Some interesting topics on the development of movable bridges includes the
use of deployable form (Alegria Mira et al. 2014; Friedman and Ibrahimbegovic
2013; Russell and Thrall 2013; Thrall et al. 2012) and tensegrity form (Korkmaz
et al. 2012; Rhode-Barbarigos et al. 2010).

Fig. 10.7 Environmental-friendly bridge proposals: a Newcastle Botanic bridge (photo Wilkin-
son Eyre Architects); b ‘‘Windy’’ design (photo Francesco Colarossi Architecture)
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Fig. 10.8 Paddington Rolling bridge (Hu et al. 2013)

Fig. 10.9 Gateshead Millennium bridge (Hu et al. 2013)

Fig. 10.10 Folding bridge at Kiel (photo Schlaich Bergermann and Partner)
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Today, deployable structure played a variety of roles in both military and relief
operations from emergency to reconstruction. Prototype lightweight forms are
studied such as deployable bridge (Ario et al. 2013) and deployable shelter
(Alegria Mira et al. 2014), see Fig. 10.11.

Tensegrity structure is spatial structures composed of tensile and compression
components in a self-equilibrated state of prestressing. Such concept recently has
already been used in bridge design, see Fig. 10.12.

According to Vincent’s biomimetic map, these cases discussed above represent
the mechanical level of inspiration. In particular, those footbridges provide a more
adaptable way than regular footbridge to span a river through combining tech-
nologies of machinery and automation.

The development of intelligent and smart bridges is another encouraging goal
for the design of active bridges in the near future. The transfer from a ‘‘passive’’ to
an ‘‘active’’ bridge through learning from the biological world is a great break-
through for future smart and intelligent structures. Primary driving factors of the
information technology age (such as nanotechnology, microelectronics, and bio-
technology) will support the development of intelligent bridge systems and
materials (Chong 2004).

The Innenhafen Bridge in Fig. 10.13 shows a remarkable design case where the
traditional suspension form is embedded with an intelligent system. It is an
adaptive form subjected to different environmental and traffic service conditions.
Schlaich (2004) defined the level of intelligence in a structural system by

Fig. 10.11 The concept of deployable scissor arch prototype (Alegria Mira et al. 2014)
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comparing the degree of those electronic devices. A proposal is shown using
computer-controlled jacks to actively control the function of stay-cables
(Fig. 10.14). This initially solved the problem of uneven deflection when trains ran
through the railway bridge. Future intelligent bridges could soon have the capacity
of self-control, self-adjust, and even self-repair. Recent endeavors on smart
infrastructure can be found (Hoult et al. 2009; Michaël and Dominique 2013;
Spencer and Cho 2011; Stajano et al. 2010).

Fig. 10.12 The concept of tensegrity bridge (Korkmaz et al. 2012)

Fig. 10.13 Innenhafen Bridge (Hu 2010)
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10.3 Future Directions

A brief project review in the previous section illustrated that bio-inspired phi-
losophy is a promising route for the design industry. Instead of mimicry, both
architects and engineers have adopted the mechanistic and material level inspi-
ration and utilized those ideas in the design and construction of man-made
structures during the past decade. The latest published book on biologically
inspired design by Goel et al. (2014) pointed out four major challenges of the
marriage between biology and engineering: (1) solve real problems and document
successful applications; (2) develop bio-inspired design theory; (3) develop
computational methods and tools; (4) educate new generation students.

For a cross-disciplinary environment in the near future, the bio-inspired design
requires the cooperation between engineers and biologists. Future engineering
students should not be trapped in professional boundaries and must expand their
interdisciplinary knowledge. Figure 10.15 describes a typical process for bio-
inspired design, which refers to a regular scientific research procedure that
includes experimental investigation, numerical analysis and testing, etc. The most
important step in this process is the selection of the appropriate biological pro-
totype. Bionic researchers need to provide resources of prototypes that allow
engineers to reference for design inspiration. For example, Biomimicry 3.8, a
nonprofit corporation dedicated to biomimicry education launched the world’s first
digital library of nature’s solutions ‘‘AskNature.’’ To develop a feasible study on a
prototype, it is necessary to work with biologists so that more interdisciplinary
knowledge can be transferred. For the past fifty years, many bio-based technolo-
gies have been illustrated, such as tough composites based on fiber orientations in
wood, tough ceramics based on mother-of-pearl, deployable structures based on
flowers and leaves, underwater glues based on mussel adhesive, drag reduction
based on dermal riblet on shark skin, flight mechanisms based on insect flight, etc.
Recent efforts on bio-inspired design on multiscale smart structures can be found
in Barbarino et al. (2011), Espinosa et al. (2009), Giurgiutiu (2007), Hurlebaus
and Gaul (2006), Kovač (2013), Liu and Jiang (2011), Mudupu et al. (2008),

Fig. 10.14 Self-adjusted cable-stayed bridge (Hu 2010)
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Singh et al. (2012), Stephen and Christopher (2012), Thomas et al. (2012),
Yeesock et al. (2010).

Beyond the success of learning a particular biological structure or mechanism,
the search for biological analogies in the conceptual design process also requires
design theory to aid in systematically generating new and novel ideas. The Theory
of Inventive Problems Solving (TRIZ) has become a significant method that
effectively analogized the interaction between engineering and biology. Any
technical contradictions can be quantified by transforming the application into a
measurable and mathematical algorithm. The latest works for helping engineers to
connect and identify biological phenomena can be found in Mak and Shu (2008),
Nagel and Stone (2011), Nagel et al. (2010), Sartori et al. (2010), Shu et al. (2011),
Srinivasan et al. (2011), Tomiyama et al. (2009), Trotta (2011), Wilson et al.
(2010), Xing and Chen (2011).

Traditionally, bio-inspired design products are an outcome of individual effort.
Today, advanced computational methods and tools can also assist engineers in
modeling bio-inspired forms. Meanwhile, the advances in fabrication tools can be
a catalyst to search optimal and elegant structural form. For example, topology
optimization has evolved into a computer-aided technique for modern engineering
design and practice. The use of this technique in recent studies (Adriaenssens et al.
2012; Asadpoure et al. 2011; Guest 2009) has helped engineers seek the best
distribution of a given amount of material or the optimal geometry of a given

Fig. 10.15 The procedure of the bio-inspired strategy (Hu et al. 2013)
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domain of structure via an iterative numerical process under specific constraints.
An up-to-date summary on recent topology optimization techniques and applica-
tions in a variety of disciplines can be found in Deaton and Grandhi (2013).

Nonuniform rational B-Splines (NURBS)-based isogeometric analysis is
another geometric numerical modeling technique that optimize the form and the
material distribution either in separate or in simultaneous fashions (Bletzinger
et al. 2010; Firl and Bletzinger 2012; Nagy et al. 2013; Wall et al. 2008). Other
recent case studies on the form-finding techniques support a variety of design
innovation on structural forms, which could achieve efficiency, economy, and
elegance (Bel Hadj Ali et al. 2010; Bletzinger and Ramm 2001; Burry et al. 2005;
Li et al. 2010; Richardson et al. 2013; Xu and Luo 2010).

Another reason for slow pace to meaningful bio-inspired application on the
civil infrastructure is the lack of such courses in the engineering curriculum. The
good news is that some universities do offer a bio-inspired course to teach students
to work in a multidisciplinary environment and learn the principle from nature. For
example, a course titled ‘‘Exploring Bio-Inspired Systems in Architecture’’ at the
University of Minnesota co-taught by an architecture professor (Marc Swackh-
amer) and a biology professor (Neil Olszewski).

They followed the traditional architectural teaching approach in terms of
design, modeling, and fabrication, but architectural students will receive inter-
esting input from a biology professor that may help them expand their thinking on
conceptual design. MIT offered a course in biologically inspired digital design and
fabrication course aimed at introducing the emerging interface of engineering and
biology and to explore the logic and principles of natural systems through mul-
tiscale modeling and experiment. A ‘‘Bio-Inspired Design’’ course at TU Delft
gives an overview of nonconventional mechanical approaches in nature and shows
how this knowledge can lead to more creativity in mechanical design.

The University of Bath provides a graduate-level course ‘‘Biomimetics’’ to
encourage student to extract design principles by introducing a variety of natural
materials, structures, and mechanisms. A similar course can also be found at
Georgia Institute of Technology. The latest endeavors on teaching and education
aspects of promoting bio-inspired studies can be found in many studies (Bruck
et al. 2006; Glier et al. 2011; Helms et al. 2009; Jenkins 2011; Santulli and
Langella 2011; Stone et al. 2014; Wiltgen et al. 2011).

10.4 Summary

The multidisciplinary environment in the design field is pushing engineers to come
up with new innovations in structural design. Compared to bio-inspired philosophy
in architectural design and mechanical design, the development of bio-inspired
design on bridge structures is far behind. This chapter reviewed some recent
projects to highlight those endeavors made in this field. It is shown that the bio-
inspired method can help engineers address both traditional issues (efficiency,
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economy, and elegance) and emerging issues (sustainability, energy use, etc.).
However, it is noted that most of completed projects only reach a low or middle
inspiration level according to the Vincent’s biomimetic map. The difficulty of
using the bio-inspired method in bridge design is due to the inefficiency of
searching biological analogies and the lack of support from a biomimetic
researcher during the design process. In modern bridge design, we need more
interesting forms for both stationary structures and moveable structures. A close
multidisciplinary collaboration may help engineers build more sustainable and
smart structural systems for bridges in the twenty-first century.
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Chapter 11
Bio-inspired Sensors for Structural Health
Monitoring

Kenneth J. Loh, Donghyeon Ryu and Bo Mi Lee

Abstract Structural systems are susceptible to damage throughout their opera-
tional lifetime. Thus, structural health monitoring technologies and, in particular,
sensors that could monitor structural performance and detect damage are needed.
While there exist a variety of different sensing platforms, this continues to be an
active area of research due to the many challenges associated with identifying and
quantifying structural damage, which is inherently very complex. This chapter
discusses an emerging area of sensors research in which sensor design or func-
tionality is inspired by biological systems. By borrowing concepts from and
learning how nature’s creations sense and interact with its environment, the goal is
to create novel sensors with unparalleled performance as compared to the current
state-of-art. This chapter is not meant to be an exhaustive literature review on this
topic. Rather, only a small selection of published work is sampled and presented
to showcase different ideas and the breadth of research. Topics ranging from bio-
inspired algorithms, creature-like robots, and skin-like sensors are presented.

11.1 Introduction

Infrastructure systems, such as bridges, buildings, cranes, dams, and pipelines,
among others, could incur damage throughout their service lifetime. Natural
disasters, excessive loads, accidents, and/or environmental degradation could
cause various types of damage. Damage (e.g., corrosion or fatigue cracks) could
escalate over different time- and length-scales and while the structure remains in
service. If left undetected, accumulated damage could diminish structural perfor-
mance, serviceability, and safety.
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For example, a fatal rupture and explosion of a natural gas pipeline in Carlsbad,
NM in 2000 was a result of deterioration caused by corrosion and other factors
(NTSB 2003, Peekema 2013). Another example is cracking in steel girders of the
Interstate I-794 Daniel Webster Hoan Bridge (Milwaukee, WI) in 2000 that caused
one of its spans to sag by more than 1.2 m (4 ft); as a result, a total of US$7.8
million was invested for repair and retrofit (Fisher et al. 2001). The catastrophic
collapse of the Sgt. Aubrey Cosens V.C. Memorial Bridge (Latchford, ON,
Canada) in 2003 was due to fatigue rupture of hanger connections within the arch
bridge’s enclosed steel boxes (Biezma and Schanack 2007). As evident from these
historic events, the timely detection of damage is crucial for facilitating the nec-
essary structural repairs, ensuring optimal performance of structures, and
enhancing public safety.

Routine visual inspection by trained technicians continues to be the predomi-
nant methodology adopted for evaluating the performance and safety of existing
structural systems. For instance, the National Bridge Inspection Standards, set
forth by the U.S. Federal Highway Administration, mandates that all highway
bridges be inspected every 24 months (FWHA 2004). Due to their inherent time-,
labor-, and cost-intensiveness (Hartle et al. 1990; Moore et al. 2001), tethered
sensing systems are sometimes used to supplement visual inspection (Zhang et al.
2007; Sumitro et al. 2005; Celebi 2006). While simple sensors such as acceler-
ometers and strain gages offer quantitative measures of structural response, their
high costs to install and maintain the great lengths of coaxial cables have limited
the number and density of sensors installed per structure (Celebi 2006). The end
result is a sparsely distributed monitoring system (relative to the size of the
structure) that is, at times, poorly scaled with structural damage, which is inher-
ently highly localized.

On the other hand, structural health monitoring (SHM) integrates structural
response data collected from distributed sensors with feature extraction algorithms
for identifying the presence of damage relative to its healthy or pristine state.
Statistical analysis is then required for relating accumulated damage to structural
functionality, resistance to various loading scenarios, and overall safety (Farrar
and Worden 2007). According to Farrar and Worden (2007) and Rytter (1993),
damage detection involves a five-step process of increasing complexity, namely:
(1) existence; (2) location; (3) type; (4) extent; and (5) prognosis. One of the major
considerations in which any or all of these five steps could be achieved relies on
the careful selection and deployment of sensors. These sensors need to be stra-
tegically instrumented and need to provide high signal-to-noise data that are
indicative of damage, where damage and detection threshold is defined based on
the end-user’s needs.

In fact, a plethora of emerging technologies have been proposed over the past
few decades for autonomous SHM and damage detection. Examples include fiber
optics and fiber Bragg gratings for distributed strain and temperature measure-
ments (Tsuda et al. 1999; Kersey 1996), wireless sensors for densely distributed
system identification (Lynch and Loh 2006; Spencer Jr. et al. 2004), and piezo-
electric sensor and actuator arrays for active sensing and acoustic emissions
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(Tadigadapa and Mateti 2009; Yu et al. 2008; Zhao et al. 2007), among others
(Boller 2000). Despite these advancements, these SHM systems possess certain
limitations that sometimes make it challenging for them to diagnose a structure’s
health. While limitations vary between sensor platforms, in most cases, sensors are
discrete transducers that only measure data at instrumented locations. Spatial
structural response is usually obtained using a dense network of sensors and
interpolation. Most sensors only measure structural response, and physics-based
models or statistical methods are needed for inferring information about damage.

Unlike the aforementioned manmade sensing technologies, nature and its
diverse creations have perfected biological assemblies and functionalities to enable
the five senses of touch, visual, auditory, olfactory, and taste. In fact, humans have
historically relied on biological inspirations to create artificial systems that
mimicked the functionalities of many creatures. For example, camouflage tactics
used in the military (i.e., planes, ships, and tanks) have been motivated by an
octopus’ ability to match its colors to its surroundings (Bar-Cohen 2006). With the
advent of modern computing technology, electronics, and nanotechnology, these
bio-inspired systems have become increasingly more complex and higher per-
formance. For example, McGary et al. (2006) and Liu (2007) have fabricated
artificial hair cell arrays for magnetostrictive acoustic sensing and fluid flow drag
force sensing, respectively. Other examples include bio-inspired auto-adaptive and
autonomous engineering systems (Tomizuka et al. 2007), plant-inspired actuators
(Philen et al. 2007), phospholipids, and microfluidic membranes (Horsley et al.
2008), among many others (Loh et al. 2009; Li et al. 2004; Kao et al. 2007; Lin
and Sodano 2009).

Instead of presenting an exhaustive review of bio-inspired sensing systems, this
book’s chapter uses select examples of published works to highlight the breadth of
cutting-edge research. In particular, this chapter focuses on three different types of
bio-inspired sensors for SHM. First, Sect. 11.2 presents bio-inspired algorithms for
SHM. These algorithms could be used with current sensor networks for detecting
damage or sensor faults. Second, Sect. 11.3 discusses robotic sensors that mimic
the functionality of various creatures. Like geckos, these sensors could crawl on
various structural surfaces and collect information from locations inaccessible to
inspectors. Then, Sect. 11.4 highlights recent advances in designing conformable
sensors based on nanotechnology. These thin films could be coated onto structural
surfaces, and like skin, be able to detect damage over large spatial areas. This
chapter concludes with a brief summary and discussion of future trends and needs.

11.2 Bio-Inspired Computational Tools

The development of various data management, signal processing, and damage
detection algorithms has been inspired by biology. One particular prominent area
is computational methods inspired by the biological immune system (BIS). In
particular, BIS has provided a conceptual basis for deriving an artificial immune
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system (AIS) to improve the reliability and security of sensor networks for SHM
(Drozda et al. 2011a; Twycross and Aickelin 2009; Dasgupta 2006).

One of the interesting features of the BIS is homeostasis, which helps maintain a
normal operation level in environments where errors and changes could occur
(Drozda et al. 2011a). One should know that BIS consists of two components (i.e.,
innate and adaptive immune systems) to protect the biological host from threat-
ening pathogens. Here, the innate immune system immediately responds to the
known pathogen, and the system does not change. On the other hand, the adaptive
immune system involves learning and memory that take place over relatively longer
periods of time (e.g., over several days). When unknown pathogens affect the host,
the adaptive immune system recognizes and memorizes the new threat or change.

The detailed mechanism that enables the adaptive immune system response is
that lymphocytes experience either positive or negative selection processes with a
minimum self-reactivity or autoimmunity. When autoimmunity happens, the host
cells undergo self-attack. It should be noted that first generation AIS considered
only one type cell (i.e., B cell) for stabilization of the network (Hunt et al. 1999).
When antigens were presented to B cells, and if affinities between B cells were
strong, the B cells were cloned and contributed to stabilization of the network.

A second generation AIS was proposed by introducing different cell types (e.g.,
B and T cells) to the conventional AIS to enhance performance of error detection
(Twycross and Aickelin 2009). Research focused on the communication between
the different cell types. The innate immune system took part in error detection,
which involves classifying the error and providing context on errors triggering
damage. AIS’ error detection structure was composed of adaptive and context
classification modules. The two modules interacted in a feedback loop. By mim-
icking biological adaptive immunity, the structure offered functions of selection,
memory, and learning for detecting new errors and changes in existing errors in the
monitored sensor network.

The context classification module, inspired by innate immunity, evaluates the
quality of service, and provides feedback to the adaptive module after error
detection. Using the immune system-inspired error detection algorithm, it was
shown that various objectives, such as energy efficiency, final false positives rate,
adaptivity, and novel error detection, could be taken into account. By simulating
the experiments conducted by Drozda et al. (2011b), improvements in the adaptive
strategy-based error detection method were validated with minimum impact on
energy efficiency and intact false positives control (Drozda et al. 2011a).

Bio-inspiration has also been adopted to improve the performance of compli-
cated sensor networks for SHM. In addition, as these sensor networks evolve, they
become even more complicated, with increasing number of sensors and dimen-
sions. In particular, complex sensor networks with large number of sensors require
the use of novel algorithms and strategies for optimum sensor placement to avoid
coverage holes and unbalanced data flows.

For instance, genetic algorithms (GA) were investigated by numerous
researchers for fault detection, as well as for monitoring spatial lattice structures and
large space structures (Worden and Burrows 2001; Liu et al. 2008; Yao et al. 1993).
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Javadi et al. (2005) developed a hybrid GA by integration of back-propagation
neural network to improve convergence performance and the quality of the solution.
Inspired by natural evolution, evolutionary algorithms (EA) have been used for
optimizing mobile sensor deployment with optimum sensor coverage in a randomly
distributed wireless sensor network (Abbasi et al. 2014). To simulate social
behavior, particle swarm optimization (PSO) was implemented, which was sug-
gested by Kennedy and Eberhart (1995). PSO was further enhanced by introducing
chaos into an accelerated PSO by Gandomi et al. (2013). An overview of sensor
node movement methodologies was provided by Abbasi et al. (2014) to improve
network coverage as well as network lifetime, and the bio-inspired algorithms were
shown to enhance data details, timeline, and reliability.

To shorten computational run-time and improve convergence performance in
complicated sensor networks, Yi et al. (2012) developed an asynchronous-climb
monkey algorithm (AMA) for optimizing sensor placement. The AMA mainly
consists of monkeys’ mountain-climbing process (i.e., climb, watch, jump, and
somersault) (Fig. 11.1). In particular, AMA mimics monkeys’ social behavior to
find the optimum positions of sensors, in which monkeys exchange information
with neighbor monkeys and were guided by the monkey king (i.e., the first step of
AMA). This procedure was repeated until the best objective value (in this case the
binary vector of sensor location) was obtained. The objective value was contin-
uously updated with the position vector of monkeys by considering each monkey’s
own experience and the social experience from neighbor monkeys. The best
objective value was designated as a ‘‘monkey king,’’ and the Darwinian principle
of natural selection was incorporated to accommodate replacing the monkey king
with the next best one.

Fig. 11.1 The process by which monkeys climb, watch, jump, and somersault provides the
conceptual basis for the asynchronous-climb monkey algorithm (Yi et al. 2012). (Image provided
courtesy of IOP publishing)
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Furthermore, AMA was improved by combining PSO, which was expected to
be useful for civil infrastructures instrumented with large number of sensors. The
proposed AMA was verified through a trial involving different sensor placements
for characterizing the vibrational behavior of the Canton Tower (Shanghai, China).
Modal assurance criterion (MAC) was chosen to yield two types of objective
functions, and for comparison with AMS, a conventional monkey algorithm (MA)
was used with a dual-structure coding method. Two simplified finite element (FE)
models of the Canton Tower were established with and without the antenna mast.
For all cases of objective functions and FE models, AMA exhibited the best
performance in optimizing sensor placement.

Data processing and transferring techniques have also been developed by
adopting biological concepts with the purposes of improving accuracy in data
detection and realizing real-time data processing for large-scale civil infrastruc-
tures (Lin et al. 2010; Peckens and Lynch 2013). A new damage extraction and
classification method for SHM based on the concept of a deoxyribonucleic acid
(DNA) array was implemented (Lin et al. 2010). The purpose was to improve
damage detection accuracy. Damage characteristics were extracted using a double-
tier regression model to establish the autoregressive (AR)-autoregressive exoge-
neous (ARX) database, which was regarded as analogous to DNA of biological
creatures. Just as how DNA arrays are classified based on DNA patterns using
naïve Bayesian (NB) algorithm for detecting cancer cells, AR-ARX arrays could
also be classified using an NB algorithm and further improved through optimi-
zation using a likelihood selection method. The novel DNA-inspired SHM system
was verified through experiments involving a six-story building under ambient
vibration. It was shown that the optimized SHM system achieved 90–95 %
accuracy in terms of damage identification. To enable real-time data processing,
the auditory signal compression and transferring concepts were used (Peckens and
Lynch 2013). Inspired by the cochlea, high signal compression ratio was achieved
with a reasonable reconstruction error as compared to two other conventional
compressive techniques, namely wavelet transforms and compressed sensing
(Fig. 11.2) (Peckens and Lynch 2013).

There have been other efforts in using bio-inspired concepts for improving
damage detection and SHM (Loh and Azhari 2012; Salowitz et al. 2013; Kirikera
et al. 2008). Fatigue monitoring has been considered challenging, particularly due to
its long time-scales and high-frequency signals. Inspired by the concept of tree ring
data tracking, an intelligent fatigue monitoring system was developed (Bai et al.
2014). Fatigue characteristics (i.e., the amplitude of strain, the number of cycles, and
the stress state) were acquired with a high degree of accuracy, which could be
transmitted in real-time via a wireless network. The wireless fatigue monitoring
system was validated using cantilever bending fatigue tests. Maximum strain of the
test specimen was tracked using either strain gage or polyvinylidene fluoride, and
the obtained digital signals were processed to extract the number of loading cycles,
among other fatigue characteristics. Feature extraction was performed using digital
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signal processing technology integrated with a rain-flow counting method. It was
shown that loading cycles were accurately measured with\5 % error, and fatigue
life was calculated.

11.3 Creature-like Robotic Sensors

While bio-inspired algorithms offer the possibility of optimizing sensor instru-
mentations, in many cases, large structures still require densely distributed sensors
for SHM. It has already been shown by Celebi (2002) that the cost to install
sensors in tall buildings could exceed US$5,000 per channel. Although one of the
major goals (and advantages) of wireless sensors was to lower costs by eliminating
sensor dependence on a tethered connection (Lynch and Loh 2006), the need for a
dense sensor instrumentation could make a wireless SHM system cost prohibitive
for many end-users and applications.

Mobile or robotic sensors that are inspired by different creatures’ ability to
navigate around the natural world offer unique benefits for SHM. In particular, the
fundamental benefit is that mobile sensors are no longer tied to their instrumented
locations, as is the case for static sensor networks. Instead, a small number of
mobile sensors could crawl around a bridge or building and record structural
response data at many measurement points. The robotic sensor could be wirelessly
commanded, collect data at a variety of measurement points over large spatial
domains, and as frequently as desired (given the limitations of onboard power).
The end result would be the possibility of obtaining densely distributed structural
response data using only a handful of sensors. These robots could also navigate to

Fig. 11.2 A cross-section of the cochlea is shown. The cochlea is a part of the mammalian inner
ear and plays an important role in processing and transmitting auditory signals (Peckens and
Lynch 2013). (Image provided courtesy of IOP publishing)
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hard-to-reach areas that an inspector or engineer would otherwise not be able to
access conveniently.

A prime example of a bio-inspired mobile sensor for SHM is work by Zhu et al.
(2010). The mobile sensor was fabricated by connecting two two-wheeled vehicles
with a flexible beam (Fig. 11.3). The wheels were made with magnets so that it
could climb ferromagnetic structures. The design of the robot also included
infrared sensors and Hall effect sensors for the purposes of detecting boundaries
and for locomotion, respectively. For SHM, a Silicon Designs 2260-010 acceler-
ometer was located on the center of the robot’s center flexible beam, and the
mobile sensor could control the attachment and detachment of the accelerometer
onto the structure (i.e., by moving the two two-wheeled cars closer or farther away
from each other, respectively). Two different experimental laboratory tests were
conducted in the laboratory for validating their performance. The mobile sensors
successfully crawled around a steel portal frame, and two robots collected struc-
tural vibration response (excited using impact hammer strikes) at 11 different
measurement points. Damage was simulated by adding a mass block or by loos-
ening bolts at connections. By analyzing the transmissibility function, damage
location was successfully identified. Other research groups have also developed
various types of crawling robots (Huston et al. 2005; Akiba et al. 2013; Oh et al.
2009).

While the aforementioned mobile sensor was more mechanical and resembled
that of a car, the design of the Geckobot was inspired by the gecko’s ability to
climb almost any type of surface (Unver et al. 2006). In particular, the Geckobot
featured synthetic dry adhesive feet, made with polydimethyl siloxane (PDMS)
elastomer that mimicked the gait and climbing mechanism of real geckos. Like a
real gecko, when the PDMS toe was controlled to detach from the surface, the
PDMS was bent and peeled off in a way that minimized the detaching force.
Another unique design was its active tail that enhanced the robot’s mobility during
climbing. With the existence of a tail, it could provide additional force that secured

Fig. 11.3 A mobile sensor
prototype (developed by
researchers at the Georgia
Institute of Technology,
USA) is crawling on a steel
pedestrian bridge. (Photo
courtesy of Prof. Yang Wang,
Georgia Institute of
Technology, USA)
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the Geckobot to the surface. Experimental studies demonstrated that the mobile
sensor could walk at a speed of up to 5 and 1 cm/s on a flat and inclined surface,
respectively. However, one limitation was that the robot could not climb a normal
or 90� surface.

In contrast, Wu et al. (2013) proposed a climbing robot with two pedrails, in
lieu of individual wheels or robotic feet. A unique feature of the pedrail was that it
featured dry adhesive pedrails modeled after the gecko’s feet. The surface of the
pedrail was patterned with micro-fiber hair arrays, very much similar to the
spatulae that populates setae found on Gecko’s feet. The micro-fiber hair array was
fabricated using polyurethane and is shown in Fig. 11.4. The prototype gecko-
inspired robot successfully climbed surface materials and of different inclinations
(Fig. 11.5).

Robots inspired by other creatures, including snakes, have also been explored.
For example, Enner et al. (2012, 2013) proposed a snake-like robot for monitoring
pipeline systems. The main function of the snake-inspired robot was to measure
the pipe’s diameter, since its diameter could change as a result of corrosion
or damage. The robot could wrap itself inside the pipe or along the outer surface.

Fig. 11.4 Polyurethane micro-hair arrays mimic the hairs (or setae) on a gecko’s feet that enable
vertical climbing (Wu et al. 2013). (Images provided courtesy of Springer)

Fig. 11.5 A gecko-inspired robot is shown climbing vertical walls of different materials.
Vertical climbing is enabled with the robot’s polyurethane micro-hair array on its wheels
(Wu et al. 2013). (Images provided courtesy of Springer)
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For both cases, the geometry of the robot was related to the pipe radius (or
diameter), assuming that the centerline of the robot coincided with that of the pipe.
Therefore, information about the pipe diameter could be obtained directly for
SHM applications.

It should be mentioned that other climbing robots have also been developed.
Examples include the ROMA I that was inspired by the locomotion of caterpillars
that shrink and extend its body to move (Fig. 11.6) (Balaguer et al. 2005). Another
example is the ROMA II that utilized vacuum suction for climbing on different
surfaces (Balaguer et al. 2005). In fact, the mobile sensor consisted of two arms
and 10 vacuum cups. By controlling suction on either arm and by moving and/or
rotating the unattached arm, motion could be achieved. Bio-inspired mobile sen-
sors continue to be an important area of research with commercial prototypes
emerging in the marketplace.

11.4 Skin-Inspired Sensors

The human skin is another prime example of an impressive biological system that
is capable of densely distributed sensing. The sensing and monitoring of changes
in temperature, deformation, flow, pressure, and damage (i.e., injuries) is achieved
by the 640,000 sensory receptors distributed throughout the entire system (Schmidt
1986). Unlike mobile sensors that need to navigate to different locations and
collect data at different points in time, the skin is able to resolve changes
throughout the entire system simultaneously.

In fact, the skin has inspired the development of various tactile sensors, as have
been described in review articles by Lee and Nicholls (1999) and Yousef et al.
(2011). These tactile sensors are particularly important considerations for the
development of next-generation human-interactive robotic systems as an example
Mukai et al. (2008). In the context of SHM, Loh and Azhari (2012) have presented
a review of skin-inspired sensors.

Extensive research in flow sensors inspired by, for instance, human hairs and
the lateral line system in fish, has been conducted. Velocity-, acceleration-, or

Fig. 11.6 The ability of a worm to shrink and extend its own body to propel itself forward has
inspired the creation of artificial counterparts that mimic this behavior (Balaguer et al. 2005).
(Images provided courtesy of Springer)
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pressure-sensitive neuromasts in the lateral line allow these creatures to measure
flow and changes in motion (Coombs 2001). Hairs on the skin or on the surface of
insects (like crickets) also enable biological systems to monitor changes in fluid
flow (Pfatteicher and Tongue 2002) or acoustic signals (Wiegerink et al. 2007).
Hairs or whiskers on mice are also used for object identification and avoidance.

Research by Dijkstra et al. (2005) and Wiegerink et al. (2007) have shown that
biomimetic filiform hairs could be used for sensing flow. Viscous flow would tilt
these micro-machined hairs and induce measureable capacitance changes. These
artificial hairs have also been organized into a large array for enhanced sensitivity
and performance. An array is also useful for enhancing sensing resolution, as well
as differentiating flow direction. Besides measuring capacitance changes, others
have used the measurement of changes in electrical current (Sarles et al. 2011),
field-effect response (Kim et al. 2009), piezoelectricity (Yu et al. 2010), or mag-
netostriction (McGary et al. 2006). These bio-inspired flow sensors have been
proposed for various applications (Pinto et al. 2011; Eberhardt et al. 2011; Tao
et al. 2011).

A specific application in which bio-inspired flow sensors have been used for
SHM is the case of bridge scour monitoring. Bridge scour is the disruption of
marine structure’s foundations (e.g., overwater bridge piers and abutments) due to
rapid water flow, flooding, or severe weather events, among others (Whitehouse
1998). For instance, (Swartz et al. 2014) proposed a wireless smart scour sensing
post that consisted of bio-inspired magnetostrictive flow sensors attached to the
post surface (Fig. 11.7). When scour advances and exposes these Galfenol whis-
kers at different buried depths, the sensors would deflect due to fluid flow and drag.
A giant magnetostrictive sensor mounted at the base of the whisker would detect
such a change, and the response would be transmitted wirelessly to a base station.
A similar concept was also proposed by Wang et al. (2012), Loh et al. (2014), and
Azhari et al. (2014) but with piezoelectric sensors.

While hair-like structures that protrude from the surface of the skin could be
used for sensing flow, it is well known that the skin itself is a highly effective
distributed sensor. In fact, the skin has inspired the development of thin films and
coatings that are sensitive to different damage features. One particular technique
for creating artificial skin sensors is to incorporate randomly distributed carbon
nanotubes (CNT) in a thin, flexible, polymer matrix. Numerous techniques have
been developed, and they include examples such as evaporation (Dinh-Trong et al.
2009), spin coating (Yim et al. 2008), layer-by-layer (Loh et al. 2007), and
spraying (Kang et al. 2006), just to name a few.

In particular, Loh et al. (2007, 2005) demonstrated strain sensing using layer-
by-layer thin films assembled with single-walled carbon nanotubes (SWNT) and
various polyelectrolyte species. It was observed that the film’s electrical properties
(e.g., resistivity) varied linearly with applied strains up to at least 1 % strains, and
strain sensitivity could be controlled by modifying the concentration of the CNT
solution used during layer-by-layer fabrication (Loh et al. 2008). Like skin, these
materials could be applied onto the surfaces of structures for SHM. However, for
detecting damage within structural materials, these SWNT-based films were also
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embedded in structures like fiber-reinforced polymer (FRP) composites for
embedded strain monitoring and damage detection (Fig. 11.8) (Loyola et al. 2010).

It should also be mentioned that another method for achieving embedded sensing
was to modify the FRP composite’s epoxy matrix, again, using conductive fillers
like carbon nanotubes. Strain sensing, as well as monitoring delamination and
micro-cracks, were validated by Thostenson and Chou (2006), Böger et al. (2008),

Fig. 11.7 A smart scour
sensing post incorporates bio-
inspired magnetostrictive
whisker sensors for
measuring fluid flow and
bridge scour. (Image courtesy
of Prof. R. Andrew Swartz,
Michigan Technological
University, USA)

Fig. 11.8 Multiple carbon
nanotube-based sensing skins
are embedded underneath the
surface of a large GFRP panel
during the manufacturing
process for achieving in situ
damage detection and SHM
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Nofar et al. (2009), and Kostopoulos et al. (2009). CNT concentrations as low as
0.1 w% was sufficient for producing electrically conductive, epoxy-based com-
posites (Thostenson and Chou 2002; Thostenson and Chou 2006; Thostenson and
Chou 2008).

Despite these advances in creating skin-like thin films that are piezoresistive,
strain sensing could only be accomplished in an average sense. A resistivity
measurement was directly correlated to strains being experienced by the under-
lying structure (i.e., at least on the surface). However, this strain measurement was
averaged over the entire surface area or measurement area of the film. Yet,
structural damage including cracks, corrosion, and impact were localized phe-
nomena. An ‘‘averaged’’ strain measurement may not be able to detect such
damage (i.e., depending on the size of damage and measurement area).

Instead, one could leverage the fact that the electrical resistivity (or equiva-
lently conductivity) of every location in the film is calibrated to strain. Work by
Hou et al. (2007b) and Loh et al. (2009) showed that an electrical impedance
tomography (EIT) algorithm (Brown 2003) could be used for mapping the spatial
conductivity distribution of CNT-based thin films. To produce this conductivity
map without having to probe every location in the film, EIT relied on a set of
instrumented electrodes along the boundaries of the thin film. This defined the
sensing area. Then, EIT utilized boundary current input and voltage measurements
for reconstructing the spatial conductivity distribution of the thin film (Borcea
2002; Brown 2003). By nature, the EIT inverse problem is an ill-posed problem,
and one set of boundary voltage measurements would be insufficient for deter-
mining the spatial conductivity map of the sensing area (Holder 2005). Thus,
electrical current was applied to numerous boundary electrodes, and sets of
boundary voltage measurements were obtained for each current injection case.
Since thin film conductivity (or resistivity) was correlated to applied strain, pH, or
other damage phenomena (Loh et al. 2007, 2008; Loh 2008), the spatial con-
ductivity maps were directly related to spatial damage in the underlying structure.

Previous works by Hou et al. (2007a, b) validated the EIT technique for spatial
conductivity mapping of the aforementioned layer-by-layer CNT-based thin films.
Square 25 9 25 mm2 SWNT-based thin films were instrumented with boundary
electrodes, and EIT was used to obtain baseline conductivity maps of these films.
Then, selected regions on the film surface were intentionally etched and removed
so as to create straight, diagonal, and L-shaped cuts (Hou et al. 2007b). These cuts
formed regions of zero conductivity in the film and were used for simulating some
change or extreme damage. After mechanical etching, EIT was conducted again to
obtain the relative change in thin film spatial conductivities. It was found that the
spatial conductivity maps visually represented that of the actual films, and they
could be used for identifying the locations of these cuts (Hou et al. 2007a, b). It
was also shown that the EIT-estimated spatial conductivities were within 2 % error
as compared to experimental measurements of the same film and sensing area.

With the EIT algorithm validated, these carbon nanotube sensing skins were
then used for SHM and laboratory tests. For example, sensing skins were coated
onto aluminum plates and mounted in an impact testing apparatus. It was shown
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that EIT was able to resolve the severity and location of four different magnitude
impact damage sites (Loh et al. 2009). The monitoring of spatial variations in pH
(i.e., as a precursor of corrosion) (Hou et al. 2007b) and changes in film con-
ductivity due to corrosion/rust formation (Pyo et al. 2011) were also validated.

More recently, an airbrushing technique for spray deposition of these CNT-
based sensing skins was developed for achieving rapid fabrication and field
applications (Mortensen et al. 2013). In short, an ink solution was created by
dispersing multi-walled carbon nanotubes (MWNT) in poly(sodium 4-styrene-
sulfonate) (PSS) and the mixing it with a latex solution. The ink and latex mixture

Fig. 11.9 The sensing skins and EIT algorithm are tested by verifying that this method could
detect the location of drilled holes in sensing skin-enhanced GFRP panels. Each EIT image is
obtained after a new hole is drilled in the a center, b upper-left, c lower-right, d upper-right,
e lower-left, f upper-center, g lower-center, h center-left, and i center-right of the composite
specimen (Loyola et al. 2013a). (Images provided courtesy of Sage publications)
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could then be sprayed onto virtually any substrate including metals, glass, con-
crete, and plastic. In particular, sensing skins were sprayed and embedded in glass
fiber-reinforced polymer (FRP) composites during fabrication. Laboratory char-
acterization tests were conducted, and the results verified the detection of spatially
distributed impact damage (Loyola et al. 2013b) and drilled holes (Fig. 11.9)
(Loyola et al. 2013a), again, using EIT. While these bio-inspired sensing skins
demonstrated promise for SHM, more in-depth studies and larger-scale validation
tests are needed for transitioning this technology to the commercial domain.

11.5 Summary

This chapter summarizes recent developments in bio-inspired computational tools
and new technological developments for SHM. In particular, three specific areas
have been discussed. First, computational methods inspired by the BIS have been
shown to be applicable for distributed SHM sensing system. These computational
tools can be used for detecting sensor faults in the network, optimizing sensor
instrumentation strategy, or processing signals measured.

Second, mobile robotic sensors are inspired by different living being’s ability to
crawl or navigate around the world. These robotic devices offer the possibility of
measuring densely distributed structural response by crawling around the host
structure. Their small size and nimbleness allow them to navigate to inaccessible
or dangerous places.

Finally, thin film-based sensors inspired by the human dermatological system
(or skin) have also been proposed and validated in the laboratory. The skin is an
extremely unique organ in which densely distributed and multi-modal sensing is
accomplished in real-time. Recent developments in nanotechnology-enabled thin
film sensors or coatings have permitted the design of artificial sensing skins. For
instance, polymeric thin films that incorporate carbon nanotubes have been shown
to be sensitive to strain. When combined with an electrical impedance tomo-
graphic spatial conductivity algorithm, spatial sensing and the detection of damage
severity and location have been verified.

Despite numerous attempts of biomimicry, most artificial systems remain
inferior to its natural counterparts and still require expensive and tedious materials
processing. The authors expect that future trends in SHM will continue to see
further developments in biologically inspired sensing systems. Not only will
technological innovations mimic biological system behavior, but also, one could
expect systems that are assembled in the same manner as in biology. This possi-
bility is becoming more realistic, especially where the advent of nanotechnology
has permitted the ‘‘bottom-up’’ assembly of molecules to form macro-scale
devices. In addition, mechanisms ranging from actuation, healing, and energy
transduction, among many others, would become integrated for advancing SHM
and for achieving next-generation resilient infrastructure systems.
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Chapter 12
Bio-inspired, Flexible Structures
and Materials

J. Lienhard, S. Schleicher and J. Knippers

Abstract This chapter discusses the potential of biomimetics in formfinding and
the development of structural systems based on constant or reversible elastic
deformation. The existence of high strength elastic materials are the preconditions
for the technical realisation of such elastic structures. Therefore, this chapter will
start by introducing elastic building materials and biomimetic abstraction tech-
niques individually before bringing the two together by presenting case studies
which successfully combined both aspects.

12.1 Introduction

The inseparable combination of form, material, and function is a criterion, which is
typically more appropriate to describe natural than technical system. However, due
to the increasing availability of high-performing materials on the one hand and the
rising computational power of our simulation and planning tools on the other, it is
now possible to explore structures whose form arise from their material behaviour
instead of being the result of pre-defined typologies. The research presented in this
chapter aims to explore exactly this relationship between form and material
behaviour on the basis of biological principles and will discuss possible functions
for architectural applications. Therefore, examples of static and kinetic structures
whose form and adaptability are based on elastic deformation will be examined
closely. From this point onwards, these systems will be referred to as ‘bending-
active’ and ‘elastic-kinetic’ structures (Knippers et al. 2011a, b).

Bending-active structures are structural systems that include curved beam or
shell elements, which base their geometry on the elastic deformation from an
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initially straight or planar configuration. The category of elastic-kinetic structures
takes this form-defining approach one step further by considering that the
deformation process can also be reversible thus allowing the creation of adaptive
systems and compliant mechanisms (Lienhard et al. 2010; Schleicher et al.
2011).

An initial review by Lienhard et al. (2013a, b) on bending-active structures has
shown how these systems face two major challenges in the design process: Firstly,
since bending-active structures are not based on known typologies, the central
question is about the form and functional inspiration. Secondly, there is the dif-
ficulty of predicting the system’s geometrical shape or structural performance
without immediately consulting advanced digital simulations or physical tests.

Recent studies suggest that biomimetic abstraction processes can provide
helpful scientific methods that may be used for the design of elastic systems
entirely born out of a process based on material behaviour rather than typology
based model thinking. (Knippers and Speck 2012; Knippers 2013). This trend is
also supported by computational developments, which enable the simulation of
nonlinear behaviour in large elastic deformations. In fact, today, the engineering of
a structure is increasingly becoming an essential part in modern design processes
and is no longer a downstream proof calculation that comes into play when the
decisions about shape and form have already been made.

A constructional design approach based on flexibility rather than on stiff
members and movable joints however has not yet established itself. In terms of
today’s building industry there is uncharted ground, in which experience and
expertise is lacking and role models are scarce. Interestingly, however, soft and
flexible structures are rampant in Nature and indicate the promising potential of
this construction principle. It is therefore reasonable to combine research on
flexible structures and materials with the topic of biomimetics; with the goal of
understanding flexible structures in biology and to transferring, scale-up, and
implement their underlying principles into bio-inspired technical devices and
structures.

So far, however, most bio-inspired technical structures consider applications
either purely theoretically and/or include very simple models on laboratory scale
(Marder and Papanicolaou 2006; Kobayashi et al. 2000; Liang and Mahadevan
2009; de Focatiis and Guest 2002; Jenkins 2005). Even the most well known
elastic kinetic structures, namely deployable space structures like foldable solar
panels and retractable satellite antennas (Miura 1993; Furuya and Satou 2008),
which are often discussed in relation to biologically inspired folding and unfolding
techniques, are inspired by traditional Japanese folding techniques (e.g. Origami)
rather than actual studies of flexible structures in plants and animals.

Only recently, some projects like the patented Fin Ray Effect� (Patent: Leif
Kniese 2012) or the Flectofin� (Patent: Knippers et al. 2011a, b) have attracted
attention and open up the potential for a successful implementation of bio-inspired
flexible structures and materials.
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12.2 The Design Potential of Elastic Construction
Materials

A fundamental pre-requisite in the designing of bending-active structures is the
characteristics of particular building materials which provide a beneficial ratio of
high strength and low bending stiffness. Traditional building materials such as
timber, for example, offer a suitable elastic range. Fibre Reinforced Polymers
(FRP) embody an even greater potential for lightweight bending-active structures
due to their low density and high breaking strain. Constant improvements in the
development and composition of custom-made, high-performing FRPs suggest
that there will be even more materials to choose from in the future.

12.2.1 Material Overview

Among the materials we can consider working with in building and construction,
there is a wide range of strength, stiffness, and densities available. Some materials
are more suitable for bending-active structures than others. Comparing steel with
rubber, for example, one may expect that rubber is the more appropriate choice
due to its compliant nature. However, the low tensile strength of rubber makes it
unsuitable for structural applications. The much stronger steal, in comparison,
offers high tensile strength but is also comparably stiff. As a result neither of these
two materials can really be considered as a favorable option for the design of
bending-active structures.

In the screening process for the most suitable materials it is therefore important not
to focus on one material characteristic only. Instead, the combination of material
properties is much more significant. Choosing the right material parameters necessi-
tates an understanding of the mechanical relationships in large elastic bending
deformations. From the Euler-Bernoulli law we know that the bending curvature is
proportional to the bending moment M (1) (Fertis 2006, p. 9). For flat sections or plates
the width has no influence on the bending stress which can therefore be expressed
proportional to the thickness t and curvature 1/r as shown in (2). This leads to the
formulation of the minimal bending radius (3) which we can use to analyse different
building materials for their potential use in bending-active structures. The most
important variables to set into relation here are the Young’s Modulus E and permissible
bending stress rM,Rk. It can thus be concluded that an optimal material for bending-
active structures would ideally combine low stiffness and high tensile strength.

1
rðx0Þ

¼ Mðx0Þ
E � I ð12:1Þ

rM ¼
E � I
r � w ¼

E � t
2 � r ð12:2Þ
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rmin ¼
E � t

2 � rM;Rk
ð3Þ

Previous work by Ashby has provided very helpful tools in the selection of
adequate materials for a given design task (Ashby 2005). The ‘Ashby diagrams’
open up a property-space by comparing multiple material classes to each other as
well as identifying the property range within the individual classes. Providing
design guidelines to define specific ‘search regions’ additionally facilitates the
practical use of these diagrams. Figure 12.1 follows Ashby’s approach and lists a
selection of common building materials. Here, the materials are plotted on a graph
with logarithmic scale and are brought into context based on their ratio of flexural
strength to stiffness. The range of the axis is chosen to include the material classes
investigated. Focusing on the context of building structures, the values in
Table 12.1 are taken from the Eurocodes DIN EN 1993–1995 and 1999, DIN
1052:2004–08, and DIN 17221, as well as from Knippers et al. (2011a, b, p. 77)
and Gas et al. (1985).

Based on this diagram, adequate materials for static bending-active structures
should offer a ratio of rM,Rk/E [ 2.5 (with rM,Rk [MPa] and E [GPa]). When it
comes to elastic-kinetic structures and large-scale compliant mechanisms, the
additional requirements for fatigue control further limit the permissible permanent
elastic stress; therefore, a ratio of rM,Rk/E [ 10 is needed. This is indicated by the
design guideline with the inclination rM,Rk/E. Moreover, the diagram shows
clearly that Fibre-Reinforced Polymers (FRP) and certain types of timber and high
strength metals are particularly appropriate materials for the use in bending-active
structures. When it comes to elastic-kinetic structures and large-scale compliant
mechanisms, FRPs mostly fulfil these requirements.

In addition to this short overview, it is critical to consider the material’s long-
term behaviour. For static bending-active structures, this means paying particular
attention to time-dependent deformation (creep). The effects differ in the various
materials and are significantly higher in timber than in FRP, for example. The
creeping of a material needs to be considered because it can lower the pre-stress in
the structure, which dependent on the design of the structure can be more or less
relevant and may negatively affect the system’s integrity. If the pre-stress is not
playing a decisive role for the structure’s stiffness, materials such as timber may be
chosen. Regarding elastic-kinetic structures, the most important long-term
behaviour that needs to be checked is a material’s fatigue behaviour. Only if a
chosen material has a sufficient fatigue life it can be guaranteed that the compliant
mechanism can undergo high and cyclical loading. For the designer, however, it is
difficult to assess if the mechanism can perform according to the prescribed
functions because the motion of its deflecting members is limited by their strength,
which is a property that is not easily readable from the outside. Therefore, precise
knowledge of the material properties and the desired motion range is required
when designing an elastic-kinetic structure.
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12.2.2 The Potential of Using Elastic Materials
for Compliant Mechanisms

The reason why elastic materials are growing ever more popular, in particular for
use in compliant mechanisms, is due to the various benefits that this construction
principle possesses over conventional mechanics: By gaining motion through the
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Table 12.1 Common building materials with ratio of strength rM,Rk (MPa) to stiffness E (GPa)

Flexural strength
[MPa]

Flexural youngs modulus
[GPa]

Ratio

Metals

S245 245 210 1.17

S355 355 210 1.69

S450 450 210 2.14

S690 690 210 3.29

Spring steel 1100 210 5.24

Titanium 340 102 3.33

Aluminum 330 70 4.71

Timber

Spruce 16 8 2

Pine 24 11 2.18

Douglas 30 12 2.5

Western hemlock 35 13 2.69

Yellow cedar 40 15 2.67

Oak 30 10 3

Beech 35 10 3.5

Afzelia 40 11 3.64

Bongossi 60 17 3.53

GL24 h 24 11.6 2.07

GL28 h 28 12.6 2.22

GL32 h 32 13.7 2.34

GL36 h 36 14.7 2.45

Birch plywood (6.4 mm) 50.9 12.737 4

Brich plywood (18 mm) 40.2 10.048 4

Combi-plywood (6.4 mm) 50.8 12.69 4

Combi-plywood (18 mm) 35.8 8.95 4

Softwood plywood
(6.4 mm)

29.1 9.462 3.08

Softwood plywood
(18 mm)

23 7.464 3.08

Bamboo 213 19.129 11.13

FRP

Type

CRFP-HAT 2800 165 16.97

CRFP-IM 2800 210 13.33

CRFP-HM 1350 300 4.5
(continued)
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flexibility of the construction, rather than linking multiple rigid parts together, one
may cause a dramatic reduction in the total number of parts required to accomplish
a specific mechanical task. Reducing the amount of parts may decrease assembly
time and simplify manufacturing processes, which in turn may result in significant
cost reduction.

Another important benefit is that compliant mechanisms often show an
increased performance regarding reliability. This is due to the fact that they have
few or no hinges, comparable to conventional revolute or sliding joints. Thus, the
wear in these structures and the need for lubrication is very low. These are
valuable characteristics, especially for applications where mechanisms are either
difficult to access or operating in harsh environments, in which conventional joints
would rust and require significant maintenance.

Furthermore, one of the main advantages of compliant mechanisms is their
capacity to store energy in their deflected flexible members. If a compliant
mechanism is based on material with little creeping behaviour, it can store strain
energy over a longer time period and release it at wish at a later stage, or use it to
reset the mechanism to its original state again. But beyond that, it is also possible
to fine-tune the force-deflection relationships in the flexible structure to correlate
energy and motion and vice versa. The transmission ratio therein can be tailored to
suit specific functional needs with targeted amplification effects. For a given
energy input the mechanical response of compliant mechanisms can be customised
to achieve, for instance, either a maximum displacement (displacement multipli-
cation), or a maximum resulting force (force multiplication).

12.3 Biomimetic Approach

In the last decade, using nature as an inspirational source to solve technical
problems has become scientifically recognised. Through the evolutionary pressure
of natural selection on organisms to survive under particular boundary conditions,
highly-adapted systems have developed. In order to use such systems as role
models for technical applications a ‘top-down approach’ can be used to solve

Table 12.1 (continued)

Flexural strength
[MPa]

Flexural youngs modulus
[GPa]

Ratio

P E 23 300 23 13.04

GRFP-M 80 7 11.43

GRFP-MW 120 12 10

GRFP-FM/FMU 160 15 10.67

NRFP 101 14.38 7.02
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technical problems by formulating a concise technical question which evolution
may have already developed an answer for. Elastic-kinetic structures may be
derived, for example, from flexible deployable systems found in nature. These can
be observed especially in movements of plants or plant organs. Of particular
interest are non-autonomous plant movements which usually show a clear inter-
relation of form, actuation, and kinetics. In the following section two strategies are
presented which may be used to extract principles from nature for bending-active
structures and compliant mechanisms.

12.3.1 Direct Methods in the Context of Compliant
Mechanisms

In general, the work with biological role models can be initiated by two different
biomimetic process sequences, which, in the further development of an iterative
design process, are often mixed. The basic processes are:

Bottom-up = biology push: In this approach new biomimetic research projects for tech-
nical implementation are born from new and promising results of fundamental biological
research. The first step of the process (…) is to analyse the biomechanics and functional
morphology of a biological system. In the next step quantitative analysis leads to a
principal and detailed understanding of the biological structures, shapes and functions. On
the abstraction level, which follows, separation of the principles discovered in the bio-
logical model takes place. Abstraction often proves to be one of the most important as well
as most difficult steps in a biomimetic projects. (Speck and Speck 2008, p. 6)

Top-down = technology pull: A biomimetic project following the top-down process
typically starts with the work of an engineer. In this approach biomimetic innovations and
improvements are sought for in already existing technical products. These products might
either be in a final state of industrial development, or are often already successfully
established on the market. For a successful top-down process well founded expertise is
required from company representatives (engineers) as well as from fundamental
researchers (biologists), and also readiness to talk with the parties on both sides. The
improvement or further development of an existing product stands in the centre of the
cooperation during a top-down process. (Speck and Speck 2008, p. 7)

So, the top down approach begins by defining the question. For instance, the
overriding question in the development of compliant mechanisms is the optimi-
sation of adaptability and energy efficiency of kinetic systems as well as the
lowering of their weight and maintenance costs.

When aiming for biomimetic solutions, a proven first step can be a screening of
natural concept generators with a high potential for translation into technical
applications. Usually, the most evolved and robust answers can be found in
organisms which developed under high selective pressure (Reith et al. 2007). Plant
movements, for example, are particularly adequate for translation into kinetic
architectural structures. Unlike animal locomotion, which is usually laid out for a
variety of complex movements, the actuation systems of plants are evolutionary
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optimised to perform a single type of movement (Sitte et al. 1991). Furthermore,
the structures of the mostly sessile plants are often adapted for similar boundary
conditions such as those which affect the design of the architectural structures.

Once the objective is set the screening process can be carried out. In the
particular cases analysed in this chapter the biological role models which best meet
the requirements and demonstrate possible solutions for potential technical
implementation are gathered.

In order to narrow down the search parameters some screening criteria should
be further defined. For example, in the search for compliant mechanisms the focus
was placed on reversible elastic or visco-elastic deformations in plants. Plant
movements are based on many different motion principles, some of which only
occur in highly specialised plant groups like trapping mechanisms in carnivorous
plants or pollination mechanisms in the flowers of a specific plant family.

These optimised biological mechanical systems are promising concept gener-
ators for the design of elastic structures in architecture since they often combine
sensors and actuators within one mechanical system.

For the further analysis of the selected specimens it is helpful to build up a
phenomenological understanding of the underlying physical principles that are
involved in the observed mechanisms. Therefore, it can be a good approach to
apply even more stringent selection criteria in order to find examples with the
greatest potential regarding cost efficiency, energy and material solutions. Again,
in the context of compliant mechanisms, a precisely defined selection criterion can
be the prioritisation of research for systems with large bending radii, small actu-
ation and beneficial energy transmission, or an alternative freedom of movement
that can usually not be found in conventional rigid body mechanics.

The final step in this process is the abstraction of the role model into a bio-
inspired mechanism. This is probably the most difficult step in the transfer process
since it requires both scientific rigor as well as a high level of creativity. In order to
unveil the basic mechanical principles involved, one must study the functional-
morphological relationships in the biological role model very systematically. The
process of reduction and dissection are very helpful examples. Here, the func-
tionality of a mechanism in a specimen is tested by progressively cutting off all the
elements that seem to be unrelated to the mechanism. By following this approach,
one can narrow down the constituent parts that play a key role in the mechanism.
This is of particular importance because the knowledge about the basic building
blocks that are needed for a mechanism opens the door for their creative use. Then,
one can start to modify these building blocks, reconfigure them, or fine-tune and
optimise them in order to address various tasks.

This insight significantly broadens the design freedom and allows for concepts
beyond the direct mimicry of the natural system. A reinterpreting of the
mechanical principle and the development of novel kinetic systems can be fol-
lowed through, with the help of physical and digital models, for example. Upon
further analysis of the abstracted mechanical principle, the working process may
be opened up for reconfigurations and adaptations to meet the boundary conditions
given by a technical implementation.
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The technical implementation in the form of a reduced scale or full scale
prototype lies not at the end, but rather amidst an iterative design process in which
feedback from real construction can reach as far back as fostering the under-
standing of the biological role model.

12.3.2 Indirect Biomimetic Approach

While the approach described above concentrates on singular phenomena and their
direct technical implementation, biomimetics can also support the design process
when looking at natural design and construction principles from a more general
perspective. Knippers and Speck (2012) highlight a number of design principles
that lead to structures with multiple network functions based on a multi-layered,
finely tuned and differentiated combination of basic components. Additionally,
Gruber (2011) selects some design strategies found in natural organisms that may
be of relevance for architectural constructions. From these sources, a list of natural
principles can be summarised that may be particularly applicable for the integrated
design approach pursued with bending-active structures and compliant mecha-
nisms. (Based on Knippers and Speck (2012) and Gruber (2011):

• Heterogeneity: Natural constructions are characterised by geometric
differentiation.

• Anisotropy: Many natural constructions consist of fibre reinforced composite
materials.

• Hierarchy: Biological structures are characterised by a multilevel hierarchical
structure.

• Multifunctionality: In botany, fibres simultaneously serve mechanical and
diverse physiological functions.

• Adaptability: Many short- and long term adaptations are known from natural
systems that adapt to their environment.

It should be noted at this point, however, that while all these principles already
provide a helpful guidance and inspiration for the design of bending-active struc-
tures and compliant mechanisms, this list makes no claim of completeness.
A detailed explanaition of these principles is given in VDI 6226 (2014). In fact, it
could be easily expanded by many other key aspects (e.g. redundancy, self-healing),
in order to address specific levels of perspective or to reach paramount objectives
such as closed material loops, effective energy conversion or sparing use of
resources.

Nevertheless, this first overview of natural principles already provides a useful
starting point. With focus on bending-active structures in the context of light-
weight structures, for example, it can be shown how these natural principles may
also be linked to the threefold engineering classification of lightweight structures
(Wiedenmann 1989):
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• Light Materials: Materials of low density combined with high mechanical
strength

• Light Structures: Following the flow of forces on minimal paths
• Light Systems: Integration of multiple functions into a single element

In Table 12.2 the engineering classifications of lightweight structure and nat-
ural design principals are compared, to identify natural construction principles
which may be consulted to find new engineering solutions for lightweight struc-
tures. Such a comparison may be used as a starting point in architectural design
and engineering when aiming to include biomimetic principles in the working
process.

12.4 Case Study Projects

The following two case study projects exemplify a typical direct top-down
approach (Flectofin�) and an indirect approach (M1).

12.4.1 Flectofin�

The first case study followed a direct biomimetic approach. In this project, the
Bird-Of-Paradise flower, also known as Strelitzia reginae (Fig. 12.2), was chosen
as a role model because it features a sophisticated externally actuated pollination
mechanism. The motion is part of an elastic and reversible valvular pollination
mechanism, which is driven by the direct application of an external force. This
mechanism was intensively studied in order to reveal the underlying principles that
are responsible for the plant’s mechanical performance. The plant’s distinct form-
structure-function relationship was then further abstracted and inspired the
development of an elastic flapping mechanism called Flectofin�. Exemplarily, it is
used for the conceptualisation of an adaptive façade shading system (Fig. 12.8), in
which the fins allow for opening angles ranging from -90� to +90�.

12.4.1.1 Biomimetic Approach

As an adjustment to its relatively large and heavy pollinators (mainly birds), S.
reginae has developed a protruding perch of two adnate petals that act as a landing
platform. When a bird lands on this structure to reach for nectar, its weight causes
the perch to bend downwards, as shown in Fig. 12.2. This initial deformation
triggers a secondary sideways flapping of two thick petal wings. As a result, the
previously enclosed stamens are exposed and pollen is transferred to the bird’s
feet. When the bird flies away, the open perch resets to a protective closed state
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again and the bird may transport the pollen to another Strelitzia flower where
pollination takes place.

The flapping mechanism of the S. reginae is particularly suitable for a tech-
nological transfer because it can be triggered at any time by applying an external
mechanical force at a specific location of the structure. When loaded this way it
shows what is defined in engineering terms as a distinct tipping failure. This
phenomenon permits a series of experiments with which the mechanism can be
investigated precisely in order to learn more about its functions.

In this case the abstraction can take place via a reduction principle. While doing
so, parts of the plant that may not have anything to do with the basic kinematics
are gradually cut away. Hereby it becomes clear, that only individual halves of the
leaves with directly connected reinforcing strip are responsible for the flapping
mechanism (Fig. 12.3). Such a system can easily be imitated and simulated with
physical models (Fig. 12.4).

This biological principle unveils an elastic flapping mechanism which is
transferrable to technical fields of application. In contrast to common kinetic
structures which work on the basis of locally arranged hinged, jointed and angular
connections, the biomimetic approach works on the basis of pliability of large
surfaces. This enables a wide range of adaptation and the wear of material at the
joints and hinges can be avoided. This principle represents a paradigmatic shift in
civil and structural engineering wherever it was previously recommended to avoid
any form of structural failure. The actual mechanism behind this movement is
known as lateral torsional buckling in engineering, a so-called ‘failure mode’ that
engineers generally try to avoid by sizing structural members to adequate stiffness.
The physical model in Fig. 12.4 shows the effect of lateral torsional buckling in a
constellation as can be found in the plant’s mechanism. In the Strelitzia, however,
this failure mode has no negative connotation but simply utilises as fundamental
motion principle for a highly effective compliant mechanism. In fact, S. reginae
cleverly exploits the potential of an unsymmetrical bending motion as an inte-
grative part within a reversible deformable structure with multiple deflected
equilibrium positions.

Table 12.2 Comparison of
engineering and natural
design principles

Engineering principles Natural principles

Light materials Anisotropy

Light structures Heterogeneity

Hierarchy

Light systems Multifunctionality

Adaptability
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12.4.1.2 Optimisation of the Basic Flectofin� Principle

Further optimisation of the basic Flectofin� principle was aimed at folding two fins
outward from one common element and thereby doubling the shaded area per
element while hardly affecting the view. In contrast to the S. reginae the elastic

0° 0°

30°

90°

0°

Fig. 12.2 The elastic deformation in the Strelitzia reginae flower. Adapted from Lienhard et al.
(2011)

Fig. 12.3 Abstraction of the Flectofin� mechanism via a reduction principle. Adapted from
Lienhard et al. (2009)

Fig. 12.4 Abstraction of the deformation principle in the flower of S. reginae, realised with a
simple physical model. Adapted from Lienhard et al. (2011)
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kinetics of the double Flectofin� would need to be actuated from a common
backbone. This system is shown in Fig. 12.5, with a configuration of two fins that
theoretically interpenetrate (A). Therefore, they rest in position (B) where they
push against each other and share a large contact area which highly increases their
stability. As shown in Fig. 12.5, due to their concave curvature in their inactive
state the fins bend outwards when the backbone is actuated (C–F). The leaning
against each other of the fins in their ‘rest position’ also serves to stiffen the fins
against wind deformation. As a positive side effect of the symmetrical deforma-
tion, the eccentric forces in the backbone that are induced by the bending of the fin
counteract each other. This limits the torsion in the backbone and results in a more
filigree profile.

It was found that the elastic kinetic system relies on perfect symmetry which is
difficult to produce on a larger scale. Therefore additional geometric changes were
studied to make the elastic kinetics more robust. Here, a study of the Aldrovanda
snap-trapping mechanism (Fig. 12.6) led to the idea of using curved line folding
logics to force the fins into a consistently outward folding motion. The Aldrovanda
traps consist of two sickle-shaped lobes that are connected to a lens-shaped central
portion by a curved living hinge. In the symmetry axis of the trap and in the middle
of the central portion there is another distinct element to be found—a midrib that
acts as the ‘‘driver’’ for the closing movement. When a prey (e.g., small crusta-
ceans like water fleas) stimulates the trap by touching its sensory hairs, a sudden

Fig. 12.5 Simulation of a double Flectofin�, B position of the planar fins, B real position of the fins
pushing against each other, E opened fins due to bending of the backbone (Lienhard et al. 2011)
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bending of the midrib leads to an instant closure of the trap lobes. From a
mechanical perspective, this rapid motion results from a controlled sequence of
multiple interconnected deformations. At first, the midrib starts to bend, driven by
hydraulic actuation. This causes bending of the central portion, which transmits the
deformation further and triggers an out-of-plane bending of the adjacent softer
lobes. Similar to the Flectofin�, the mechanism is actuated by an externally
induced support displacement. This translation movement causes bending in the
centre surface and triggers the flapping motion of the lobes (Fig. 12.7,
left)(Schleicher et al. (2010). Typically, for curved-line folding, this principle
couples convex and concave surface bending, which increases in curvature as the
folding proceeds. Due to the orientation of the curved-line fold, however, the lobes
can rotate in the opposite direction of the Flectofin� and thus can be understood as
an inverse mechanism to it. Turning the curvature around and applying it to the
line between the Flectofin� fin and its backbone will consequentially force it into
an outward bending motion (Fig. 12.7, right).

This Double Flectofin� is a further development of the initially proposed façade
component, which has an increased shading efficiency and higher wind stability,
shown in Fig. 12.8.

12.4.1.3 Architectural Application

A significant expansion for possible future applications is provided by the fact that
the system functions without a straight turning axis. The geometrical flexibility of
these bio-inspired compliant mechanisms renders the unique possibility to enter,
for instance, the neglected market niche of shading double curved façades.
Compared to traditional sun protections (e.g. blinds and louvers) whose mechanics
are designed for planar and standardised facades, elastic-kinetic structures like the
Flectofin� preserve their functionality even when distorted or scaled. In particular

Fig. 12.6 The trap leaves of Aldrovanda vesiculosa in open and closed configurations
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in the context of cladding double curved facades this becomes a very important
and game-changing characteristic. For although the meshes of double curved
façades may seem to have a smooth global appearance, they consist in fact of
thousands of individual panels, which render the use of standardised shading
devices practically impossible. Thus, applying a transformable shading system to
this kind of facade would require the individual scaling and distortion of its
components—a feature that elastic-kinetic structures can offer. Furthermore, the
Flectofin� principle suits a wider range of applications, from small-scale micro-
systems to large-scale architectural building components.

Fig. 12.7 Left Kinetic model of Aldrovanda’s snap-trapping mechanism in FEM. Adapted from
Schleicher et al. (2014). Right curve attachment line of the a single Flectofi� fin to its backbone

Fig. 12.8 Facade Mock-up with three Flectofin� fins with various degrees of opening

290 J. Lienhard et al.



This concept was put to the test through the Flectofin� being the triggering
inspiration for the façade of the Thematic Pavilion at the EXPO 2012 trade-fair in
Yeosu, Korea, by soma-architecture and Knippers Helbig Advanced engineering.
The engineering company was then commissioned with the planning and con-
structional design of this kinetic façade. The mechanism that should move the 108
lamellas was still unclear at the start; the central question being how one could also
guarantee their functional suitability according to the expected case of a typhoon.
In a first investigation, it was checked whether the Flectofin� principle could be
magnified to the large scale of 108 lamellas with heights varying between 3 m and
14 m. This proved that up-scaling of the basic principle was possible, yet could not
entirely fulfil the architectural intentions of the façade. Inspired by the Flectofin�,
an alternative elastic kinetic mechanism was developed which is based similarly
on structural failure (buckling), but does not correspond to the direct abstraction of
the S. reginae. These further developments show the potential of such basic dis-
coveries, in this case, the instrumentalisation of failure and deformation. In the
context of architectural design, it also became clear that targeted adaptations are
needed in order to be able to handle the profile of requirements in the intended
field of use.

12.4.2 Textile Hybrid: M1

The Textile Hybrid M1 at La Tour de l’Architecte, France showcases the research
on hybrid form- and bending-active structure systems by the Institute of Compu-
tational Design (ICD) and Institute of Building Structures and Structural Design
(ITKE) with students of the University of Stuttgart and ABK Stuttgart. The scientific
goal of the project was the exploration of formal and functional possibilities in
highly integrated equilibrium systems of bending-active elements and multi-
dimensional form-active membranes. The resulting multi-layered membrane sur-
faces allow not only structural integration, but also serve as a functional integration
by differentiating the geometry and orientation of the membrane surfaces. The site
selected for the design is a historical and structurally sensitive tower in Monthoiron,
France. The tower is based on a design by Leonardo Da Vinci from the 16th century,
which brought the owners to the idea of making the tower usable for exhibitions. On
the basis of a spatial program, a Textile Hybrid system was developed where short-
cutting of forces produced a minimisation of the loading on the tower. In the context
of this project, the M1 was developed as a representative temporary pavilion.

The Textile Hybrid system was constructed with GFRP rods of diameters
ranging from 3 to 24 mm in combination with textile membranes as continuous
surfaces and open-weave meshes. The elastic rods gain their stiffness from active
bending into curved leaf-shaped modules which are networked into a global
structural system. Stress stiffening effects are activated by further deformation of
the system through the integration of a pre-stressed membrane surface, and
therefore create a fully Textile Hybrid system (Lienhard et al. 2013b).
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12.4.2.1 Form-Finding and Construction

The system and geometry was developed by students from the University of
Stuttgart through a long process of physical model building, which was later
optimised through digital simulation. Aim of this process was to break free from
traded structural typologies in the search for novel formal and functional possi-
bilities in highly integrated structural systems. This process was accompanied by
the consideration of natural construction principles as introduced above.

For generative studies, the spring-based modelling environment SpringFrom
(Ahlquist et al. 2014) was utilised alongside exhaustive physical form-finding
experiments. The computational modelling allowed for complex topologies to be
developed and altered, quickly registering feedback from the prototypical physical
studies. This approach was utilised for the form-finding of the secondary textile
hybrid system, in particular; a series of differentiated cells providing additional
structure to the primary envelope and variation to the illumination qualities of the
space (Fig. 12.10). As both a design avenue and method for material specification,
FEM was utilised. Here the parameters of the complex equilibrium system were
explored to determine the exact geometry and evaluate the structural viability.
Custom programmed methods inside the general purpose FE-Software Sofistik�

allowed for great degrees of displacement to be calculated in order to form-find the
beam positions. The beams were initialised as straight elements and gradually
deformed into interconnected curved geometries, finally being reshaped by the
inclusion of pre-stressed membrane surfaces (Fig. 12.9, right). The geometric data
therein was determined initially by the physical form-finding models in defining
the lengths and association points on the rods for the topology of FE beam ele-
ments (Fig. 12.9, left). Given the unrolled geometry and connection points of the
rods it was possible to simulate the erection process and thereby the residual stress
in a finite element based form-finding process (Fig. 12.11).

12.4.2.2 Biomimetic Approach

For the M1 project the aspect of Biomimetics is not used to look for a biological
role model to find a technical solution, but define a set of strategies that influenced
the entire design process. The key construction principles that influenced the
design process of the M1 were:

Anisotropy: Textile materials where used on all scales; their anisotropy was
used as a driving force in the design and form-finding process of the material
system. For the bending rods made of pultruded GFRPs this meant that maximum
material strength could be accessed, as fibres ran in the main stress direction. On a
detailed level the connection points needed reinforcement by laminating fibres in
the circumferential direction of the rods.

Heterogeneity: An important feature in the design was the structural integration
and heterogeneity, leaving the limits of strictly categorised building structures by
accumulating different load bearing strategies in an associative system. The M1
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Fig. 12.10 Inner cell structure of the M1

Fig. 12.11 The textile hybrid structure M1

Fig. 12.9 Physical and numerical form-finding of the M1. Adapted from Lienhard et al. (2013b)
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shows this in the way its structure freely yet continuously passes through several
types of load bearing mechanisms. Thereby the system is able to adapt to changing
environmental requirements without the need of changing its materiality.

Hierarchy: This system is featured on two hierarchical levels: a macro-system
of interwoven bending rods that form leaf-like shapes and a meso-scale differ-
entiated cell logic. At both scales the system logic is based upon a Textile Hybrid
system in which pre-stressed membranes stabilised elastically bent rods. Repeating
the macro system on a meso-scale offered the prospect of functional integration
next to additional structural rigidity.

Integration: Even though, factually, the cells of the M1 do not yet serve
additional functions on a physical building level, they could still be seen as
placeholders for integrating such functions into small scale yet structurally rele-
vant parts of the system. Their spatial separation of the two main membrane layers
particularly offers the integration of thermal insulation and sound damping. On
another level, also present in the actual M1 project, they can serve light diffusion.

This Biomimetic approach in the M1 project may show how, even though
abstract in their implementation, design and construction principles found in
nature can complement architectural and engineering design processes. Further
examples of implementation using this approach are given in VDI Guideline 6226
(2014).

12.5 Conclusions

This chapter on bio-inspired, flexible structures introduced a general overview of
elastic building materials and biomimetic abstraction techniques and showed their
promising application in two case study structures.

With the Flectofin� project it was shown how direct abstraction methods may
be used to extract mechanical principles from natural systems to develop novel
technical engineering solutions. This example shows how nature and engineering
differ in problem solving and highlights that the structures and principles identified
in biological concept generators can provide innovative impulses for the devel-
opment of elastic-kinetic structures beyond traditional preconceptions. The anal-
ysis of the anatomy, functional morphology and biomechanics of plants may
thereby be seen as a promising approach for concept generation and optimisation
in the field of architecture, building and construction.

Through the M1 project a more indirect biomimetic approach was shown. Here,
the approach of studying general phenomena found in natural construction prin-
ciples was successfully used to develop new structural solutions.

In general both projects show how working with biomimetics in an interdis-
ciplinary team can help finding novel engineering solutions which are more than
an optimisation of existing typologies, potentially even represent a paradigmatic
change.
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Chapter 13
Bioinspired Concrete

Brent R. Constantz, Mark A. Bewernitz, Christopher L. Camiré,
Seung-Hee Kang, Jacob Schneider and Richard R. Wade II

Abstract New bioinspired cement can be used to form artificial limestone
aggregate for concrete, as well as cement for the binding phase of concrete.
Amorphous calcium carbonate precursors were first used in combination with
unstable calcium phosphates to form high strength, rapid setting carbonated cal-
cium phosphate cements, similar to the mineral phase of bone. Later, these
amorphous calcium carbonate precursors and other unstable polymorphs of cal-
cium carbonate were used in combination to form calcium carbonate cements with
high strength and other advantageous properties. In the last decade, mechanisms to
use the carbon dioxide from the combustion of fossil fuels were developed,
allowing very large quantities of calcium carbonate cementing precursor materials
to be formed, making it a foreseeable reality that new concrete mixes comprising
calcium carbonate, both as the aggregate component and the cementing phase of
concrete can be establish broadly on a worldwide basis. Calcium carbonate con-
crete compositions enable a sustainable pathway for concrete as a construction
material.

13.1 Introduction

Earth’s most massive biological structures are coral reefs that may extend for
hundreds of miles and are composed mainly of calcium carbonate minerals. The
biological formation of minerals, biomineralization, plays a dominant role as a
reservoir of carbon on Earth by converting carbon dioxide to carbonate minerals.
In fact, most of Earth’s accessable carbon is in the form of carbonate rocks in
Earth’s lithospheric crust as limestone, comprised of the fossil remains of ancient
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calcium carbonate forming organisms. Man-made structures of similar extent
include highways, dams, bridges, and building that are usually constructed from
concrete.

Concrete is the most used construction material on Earth. It is the most traded
material other than water. Last year over 15 gigatons of concrete was placed
worldwide. An agglomeration of rock aggregates, concrete is held together by
Portland cement, binding the rock particles to form a solid. In today’s construction
concretes, the aggregate component comprises most of the concrete mix and the
Portland cement binder comprises a relatively small component of the concrete
mix.

In other significant hydraulic cement applications outside construction, such as
orthopedic surgery, where new bioinspired cements have found application,
cements are used primarily alone without aggregate. These cements see about
5 million surgical procedures every year, and address significant human pain and
suffering. Some of these cements are also significantly stronger than Portland
cement or concretes formed with Portland cement. These new bioinspired cements
show near-perfect dimensional stability, low heat evolution, and high chemical
stability during their operational life.

‘‘Bioinspired’’ means that the composition and crystallographic nature of the
cement or concrete is seen in biological materials, usually mineralized skeletons.
This relationship is often termed ‘biomimetic’. Biomimetic contrasts with ‘bio-
duplication’ which refers to the cement’s method of synthesis where it mimics a
formation process from biological systems, such as a skeletal formation process.

Modern concrete mix designs are in part constrained by the cement-binding
phase, which today is Portland cement. Due to its dimensional instability, large
proportions of aggregate are needed to prevent substantial dimensional changes
during the curing of the concrete as well. Aggregates are also applied because of
the cost of the cement. Further, the heat evolution from the setting and curing
reactions of Portland cement also requires the use of large fraction of aggregates in
order to prevent excessive heat accumulation. More recently, the carbon footprint
of Portland cement, nearly the entire carbon footprint of concrete, has given fur-
ther incentive to reduce the use of Portland cement in concrete.

Due to the importance of concrete in society and the global community, there is
a large and pressing need to address the continued use of Portland cement. Last
year over 3.6 gigatons of Portland cement were manufactured, releasing over
3 gigatons of carbon dioxide into Earth’s atmosphere—the third largest source of
anthropogenic greenhouse gas emissions. The fastest way to mitigate the impacts
of Portland cement production of climate change is to capture and store the carbon
dioxide emitted from Portland cement plants, making the cement a carbon neutral
product. This does not solve the dimensional stability or heat evolution problems
associated with Portland cement, or secondary problems such as alkali-aggregate
reactions, etc. It also does not address the cost problem associated with Portland
cement, as most alternatives appear not only environmentally favorable and
functionally more sustainable, but also less expensive and more economically
sustainable.
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Therefore, it is evident that a replacement for Portland cement as the binding
component of concrete would benefit mankind in a number of different ways.
Large concrete structures pre-date the invention of Portland cement by millennia,
including Egyptian and Roman concretes that are known for their durability in
large structures still standing today. Taking a biologically inspired or biomimetic
approach to understanding how nature builds structure of mineral with cement and
concrete-like properties may provide insight about what other possibilities may be
used in concrete.

13.2 Overview

Earth’s solar system is composed principally of a few anionic complexes—sili-
cates, carbonates, phosphates, sulfates, and nitrates. While many other anionic
complexes are also important, they are not in abundance. Silicates are present in
abundance in high temperature forms such as seen in igneous and metamorphic
rocks and are the source rock for some sedimentary rocks which are all used for
aggregate in concrete. At the same time Portland cement is also a high temperature
silicate. Silicates are also present as well as low temperature hydrated forms, such
as the skeletons of sponges, and are the reaction products of Portland cement.

Elements scavenged by organisms are often found in the ocean at depth, where
light does not penetrate to drive photosynthesis and form the basis of a food chain.
In surface oceanic waters, versus deep ocean waters, silica, nitrates, and phos-
phates are biolimiting elements in this photic zone of the ocean because they are
taken up by marine phytoplankton, so they are not readily available in low tem-
perature systems. By contrast, carbonates are by far the most broadly employed
and abundant materials seen in massive biological structures such as the skeleton
of massive mineralizing organisms like coral comprising coral reefs. Carbonate
forms from the interaction of carbon dioxide gas with water, in a carbonate buffer
system, such as seawater. Carbonate rocks comprise about 10 % of the lithospheric
crust of Earth, and are mined for aggregates used in concrete as well as for the raw
materials for the formation of Portland cement via high temperature processing
that drives off carbon dioxide into the atmosphere. Phosphates and nitrates are
biolimiting elements, used as fertilizer, and tend to be expensive since they are
relatively rare. However, there appear to be some applications of phosphate-based
cement in concrete construction stemming from their initial development in bone
cement applications. Sulfates and nitrates are more soluble than carbonates, sili-
cates, and phosphates and do not appear to have broad applications in concrete
construction as a primary component.

We define a cement as the result of combining ingredients that when mixed
form a moldable paste that will set to a hardened mass and cure to a structurally
stable solid. The process of cementation can occur in an open system, where new
elements are introduced, from molding to setting to curing, but in general most
common cements will be relatively closed systems where most of the components
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in the final cured cement were also present in the starting materials. Many
examples exist, mostly sedimentology studies focused on beachstone, a term used
to describe the lithification of sands or sediments by carbonate mineral formation ,
resulting in carbonate binding the sediments into a hardened mass. This is also
commonly termed cemenation. For the discussion herein, we will focus on
aqueous or ‘‘hydraulic’’ cements, where mineral particles, are combined in an
aqueous solution to form a paste that will set to a solid mass, then cure to acquire
structural integrity.

13.3 Bioinspired Cements

Cement can be ‘‘bioinspired’’ in various ways. The first is the process of cement
formation and secondly is the resulting cemented composition and structure, in
some cases termed concrete and mortar. In the former case, organisms form
mineralized structures in ambient temperature environments by making use of
unstable precursor materials (commonly ionic solutions) to engage a mineralizing
reaction. Almost ubiquitously, organisms begin with amorphous precursors that
attain their final structure and composition through crystallization to more stable
forms that involve an aqueous cementing reaction.

13.3.1 Unstable Calcium Carbonate Cement Components

Calcium carbonate formation is well known to occur in aqueous solution through the
initial formation of amorphous phases, including precursors to metastable phases
which also convert to more stable phase polymorphs through a continuous pathway.
Lowenstam first described amorphous calcium carbonate precursors at the California
Institute of Technology in the 1950s, and summarized them in the classic paper
on biomineralization published in SCIENCE in 1981 (Lowenstam 1981), and further
in his book, ‘On Biomineralization’ published in 1987 (Lowenstam and Weiner
1989). Several amorphous calcium carbonate and calcium phosphate precursors
where described: including ACC-calcite precursor, ACC-vaterite precursor, ACC,
as well as ACP-brushite precursor, ACP-octacalcium phosphate precursor, and ACP-
dahlite precursor. All of these compounds were found to be synthesized by organ-
isms, existing in there metastable states in vivo, and to transform to their eventual
more stable crystalline polymorph when explanted (Gunasekaran et al. 1994).

Metastable precursors such as proto calcite ACC and proto vaterite ACC have
been investigated as highlighted in Gebauer et al. (2010). Elucidating the devel-
opment of the precursor chemistry, resulting in final carbonate polymorphs, has
been largely limited by the resolution of spectrographic and imaging techniques
employed to observe the long and short-range order of the crystal lattice. In depth
analyses of the binding chemistry of the carbonate chemical components along
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with NMR and advanced X-ray techniques (EXAFS) (Fig. 13.1) has led the field in
a new direction of understanding these materials more accurately as they arise
from ions in liquids, gathering together and eventually taking the form of what is
currently identified as carbonate structures. Cartwright et al. (2012) further

Fig. 13.1 Spectra of calcite (dashed blue lines), vaterite (dashed red lines), pc-ACC (blue lines),
and pv ACC (red lines). a 13C solid-state NMR spectra recorded by single pulses at a magnetic
field of 9.4 T and a MAS rate of 8.0 kHz. b Fourier Transform of calcium K-edge EXAFS plotted
in the R space (lines as in (a)). The expected interactions of the first three coordination shells are
indicated. The black arrow marks a peak, which may relate to the coordination of structural
water. The vertical lines are a guide for the eye (Gebaur et al. 2010)
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discusses these metastable precursors as identified by the preceding techniques and
identifies them on the continuum of two axes, synthetic to biogenic and stabilized
to transient. Within this arena of amorphous precursor carbonate chemistry, also
identified as nascent phase chemistry, various precursors are differentiated. The
various precursors are commonly identifiable by advanced technique however are
identified as proto-aragonite ACC (pv-ACC), proto-vaterite ACC (pv-ACC),
proto-calcite ACC (pc-ACC), Liquid Condensed Phase (LCP), Polymer Induced
Liquid Precursor (PILP), Dynamically ordered liquidlike oxyanion polymer
(DOLLOP), structured, hydrated, anhydrous and monohydrocalcite-like ACC
forms. The ordered forms of crystallographically identifiable carbonate are fewer
and easily identified by common spectrographic technique.

The first use of unstable calcium carbonate compositions of vaterite and various
forms of ACC in a cement composition were reported in SCIENCE in 1995
(Constantz et al. 1995), by a team at Norian Corporation. Calcium carbonate, that
had been precipitated was employed as a component of the first carbonated
cement. The cement set fast and attained compressive strengths in excess of
35 MPa. This cement is now used on a worldwide basis for orthopedic surgery.
Precursor phases of calcium carbonate, including ACC-vaterite precursor, ACC-
aragonite precursor, vaterite and aragonite are used in the cement. The carbonated
cement is an example of a biomimetic design used to mimic the mineral phase of
bone. While very useful clinically, these cement are produced in relatively small
volume and are very expensive, and not scalable for use in civil engineering
applications.

In 2002, General Motors developed the method to use carbon dioxide from
fossil fuel combustion to form calcium carbonates through an aqueous precipita-
tion process that converts carbon dioxide in flue gases to aqueous carbonate, and
subsequently to calcium carbonate, sequestering the carbon dioxide in mineralized
form. This allowed the possibility of forming very large volumes of metastable
calcium carbonate precursors, for application in concrete, both for synthetic
limestone aggregate, as well as the cementing phase as a calcium carbonate
cement (Dziedzic et al. 2006, 2010, 2012). These carbonates that originate from
the carbon dioxide released from the combustion of fossil fuels, and are enriched
with regard to the light stable isotope of carbon, 12C, and depleted with respect to
the heavy stable isotope of carbon, 13C, and can be readily identified as having
negative carbon isotope values relative to PDB and SMOW isotopic scales.

Also with regard to point source power production, carbon capture technologies
are being developed and have distinct synergies with the industrial processes that
produce large amounts of CO2. Refineries, power plants and cement production
release a high % CO2 in their flu gas. Current carbon capture technologies such as
amine capture have been researched for the past 80 years; however, they are still
largely energy intensive. Newer technologies that use carbonate mineralization
techniques have been of interest since 2007. Below (Fig. 13.2) we see an example
of one such plant that has been demonstrated at the 10 MW scale.
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13.3.2 Calcium Carbonate Cements

A diverse variety of calcium carbonate cements were tested in the 1990s and found to
have different properties, including very high strengths and rates of biological
incorporation (Constantz et al. 1998). Calcium carbonate cements were further
developed in France (Fontaine et al. 2001) at the same time that General Motors was
developing the large-scale carbon mineralization processes, around 2002. Since
Norian, other examples of calcium carbonate cementing systems have been observed
in biological cement applications (Combes et al. 2006). Coombs found that by
combining various metastable calcium carbonate, both ACCs and various crystalline
polymorphs such as vaterite and aragonite in combination, and optionally with
calcium phosphates as the Norian team had done, a workable cement resulted.
Coombs formulated a series of calcium carbonate cement with a variety of proper-
ties, including high strength and engineering porosity (Combes et al. 2006).

In this work, various types of synthetic limestone are precipitated from aqueous
solution, namely two types of amorphous calcium carbonate, specifically strontium
containing and magnesium-stabilized amorphous carbonates are precipitated and
dried as powders. These amorphous carbonate powders were blended with a
secondary metastable calcium carbonate polymorph, namely vaterite, powder and

Fig. 13.2 First Generation carbonate mineralization was demonstrated at a pilot and demon-
stration scale between 2008 and 2010 in Moss Landing, California, using flue gas from the Moss
Landing Power Station, the largest operating power plant on the west coats of the United States
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hydrated with liquid creating cement pastes. The liquid phase used in these
cements was saline, mimicking the surgical environment, with blood contact, that
the cement would be setting and curing in. The cement paste was then applied
in vitro by allowing setting and curing in a 100 % relative humid environment at
physiological body temperature, 37 �C. Setting and curing reactions were
observed using both mechanical and analytical techniques in an effort to qualita-
tively and quantitatively track cement reaction progress. Had other sample curing
methods been used, the relatively good compressive strength of their sample
would be expected to be an order of magnitude more than what was reported for
the clinically relevant condition of blood emersion simulated in their testing
methodology. During communications with the research team it was understood
that relatively high strengths were attained in their testing that did not simulate
immersion in blood, but rather conventional concrete and cement sample prepa-
ration techniques. The results with the same formulations using standard sample
preparation techniques exceeded 35 MPa in compressive strength routinely.

The two principle chemistries applied in Coomb’s work resulted in two final
cement mineralogies. The strontium inclusive amorphous carbonate when blended
with vaterite, results in a calcite final structure. The amorphous magnesium car-
bonate when blended with vaterite will generate aragonite structure after hydra-
tion, due to the presence of magnesium. The presence of additional ions during
formation of carbonates has been well understood (Bischoff and Fyfe 1968;
Bischoff 1968a, b).

Further, published in 2007, a series of cements were investigated (Tas et al. 2007).
In this work, the author precipitates and characterizes two calcium carbonate poly-
morphs; calcite and vaterite. The materials were precipitated. The carbonates were
dried and applied as dried 100 % carbonate powers, including 100 % vaterite cement
powder being submersed in a phosphate bearing setting solution mimicking a
common biological interaction. Time-related study shows the materials eventually
incorporating some phosphate, mimicking human bone.

Forming mechanically stable carbonate materials has been investigated sig-
nificantly and it was written by K. Hosoi; ‘‘Marble and coral, which are formed in
nature consist mainly of calcium carbonate. However, it is difficult to solidify
calcium carbonate powder by ordinary sintering methods due to the characteristic
of thermal decomposition at high temperature (700 �C). It is obvious that a low
temperature chemically-bonded ceramic, or hydraulic cementing reaction is the
most beneficial method to form calcium carbonate solids, akin to natural lime-
stone. Therefore, there is almost no man made processing route to sinter only
calcium carbonate powder.’’ (Hosoi et al. 1996) Hosoi continues to comment that
if this were possible it would open a host of new possibilities for building panels
and other building materials. Other research groups have investigated carbonates
in the framework of low temperature solidification, mainly from a ceramics per-
spective. In later works, calcium carbonate solids formed from unstable precursors,
including amorphous calcium carbonates showed high apparent densities and
overall strengths of 133 MPa (Yamasaki et al. 1993).
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13.4 Environmental Challenges with Cements
and Concrete

Portland cement contains mineral compounds that are formed during high tem-
perature processing. Portland cement is produced, in the simplest of terms, by
heating limestone with clay and calcium sulfate compounds to high temperatures
(1,100–1,600 �C). During the production of Portland cement 0.8 ton of carbon
dioxide is produced for each ton of cement produced. This carbon dioxide is
resulting from the fuel burned as well as the CO2 that is produced by limestone
(CaCO3) reducing to CaO + CO2. Current methods of off-setting these exhausts
and pollutants are by focusing on lower Portland cement containing mix designs.

Carbon sensitivity and awareness are growing, however; and industries are
changing. The carbon sensitivity is mainly associated with Portland cement due to
its high volume use. One method of reducing the amount of Portland cement in a
mix design, without sacrificing performance, is by the addition of limestone to the
cement during the final stages of milling. This final cementitious product is then
termed a limestone interground cement and is commonly specified and applied in
Europe, North America, and other countries. Newer technologies exist applying
membrane methods to CO2 capture and mineralization techniques to form ‘syn-
thetic limestone’. These synthetic limestone materials generated from these pro-
cesses can be used interchangeably with natural calcium carbonate limestone.

Unless specifically introduced in the form of a limestone interground cement, or
as limestone aggregate, carbonate is only found in concrete after long periods in
small quantities. This arises from the aging of concrete in environments that contain
gaseous carbon dioxide and is only introduced to the hydraulic composition in small
amounts via the aqueous transport of carbon dioxide in the carbonate equilibria
established with atmospheric carbon dioxide and the aqueous solution used to
hydrate the cement. For instance, lime cements and later Portland cement.

13.4.1 Carbon Sequestration in Concrete

The global cement (3.6 billion tons) and aggregate (37.4 billion tons) markets are
the only product-related markets that have the ability to sequester the mass and
volume characteristic of the global carbon epidemic. With ever increasing CO2

levels (Francey 2013) it is important to usefully store the carbon in a societal
relevant form. Cement and aggregate are typically mixed with ground limestone or
pozzolans, which in some cases are inert and occasionally reactive. Understanding
the reaction of ordinary portland cement (OPC) with various carbon negative
aggregates, pozzolons and additives are increasingly important to the successful
inclusion of carbonated anthropogenic CO2 in the human built environment.

Much can be leaned by astutely observing the biological world around us in
an ever more accurate fashion. To solve the impending carbon question of the
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twenty-first century we cannot simply assess the situation from the similar view-
point as the nineteenth and twentieth century. Considering the civil engineered
world around us is a core component to an overall sustainable future. Reducing
cement production by offsetting cement needs in concrete, using concrete as a sink
to receive captured carbon materials are solutions leading to a direction that can
solve our challenges of today and tomorrow.

Below we see the green house gas (GHG) analysis for ordinary concrete as
compared to advanced mix designs that not only reduce the amount of carbon per
yard of ordinarily mix designed concrete compared to low cement mix designs as
well as synthetic limestone inclusive mix designs (Fig. 13.3).

A green house gas analysis of kilograms of carbon dioxide per cubic meter
(kg CO2/m3) concrete in Fig. 13.1 exemplifies that replacement of traditional
components in a concrete formulation by novel, carbon-reducing components, can
lead to a significant reduction in the kg CO2/m3 concrete. If we consider that an
average of 927 kg of CO2 is emitted for every 1,000 kg of OPC produced in
the U.S., depending on fuel type, raw ingredients and the energy efficiency of the
cement plant (Source: ‘‘Concrete CO2 Fact Sheet’’, National Ready-Mix Concrete
Association, Feb 2012, based on the most recent survey of Portland Cement
Association members), an ordinary moderate-strength mix design has 356 kg CO2/
m3 concrete; this also assumes no CO2 contributions from the water and aggregate
components of the concrete mix design. If, for example, a carbon-reducing liquid
that contains 5 % by weight CO2 is used as a complete water replacement, the
kg CO2/m3 concrete is reduced by 9 kg CO2. When the carbon-reducing liquid is
used in combination with a 40 % replacement of OPC by interground limestone, the
kg CO2/m3 concrete is reduced to a mere 205 kg CO2/m3 (from 356 kg CO2/m3).
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Fig. 13.3 GHG analyses of different concrete formulations where traditional components are
replaced by novel carbon-reducing carbon sequestered limestone components. The formulations
are based on a generic ‘‘moderate-strength’’ mix design that includes, per m3 concrete, 356 kg
cement, 178 kg water and 1,880 kg aggregate (848 kg fine, 1,032 kg coarse)
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This is due to the 5 % by weight CO2 in the liquid and the 40 % offset of CO2 that
would have otherwise come from the OPC. Other examples include a complete
replacement of OPC by, for example, CaCO3 cement, or complete replacement of
aggregate by CaCO3 aggregate. For these examples it is noteworthy to assume the
CaCO3 is produced by the following stoichiometric chemical reaction: CaCl2 + 2
NaHCO3 = CaCO3 + 2 NaCl + CO2 + H2O, i.e., each equivalent of CaCO3

sequesters one equivalent of CO2. If a concrete formulation were to replace tradi-
tional components with novel carbon-reducing liquid, cement and aggregate, the
total kg CO2/m3 decreases by more than -1,100 kg.

13.5 Conclusions

Concrete may provide a significant sink for anthropogenic carbonate dioxide in the
form of aggregate and calcium carbonate cement. These carbonate concretes hold
promise specifically in regard to the greater carbon problem and may one day
provide an energy efficient platform for the reuse of carbon dioxide in our built
environment on a very large scale and at a very low energy demand. Low tem-
perature cement precursors may usher in a new era of possibilities in concrete
compositions.
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Chapter 14
Production of Bacteria for Structural
Concrete

Varenyam Achal

Abstract This chapter reviews a novel, green and economical concrete based on
microbially induced calcium carbonate precipitation (MICP). Microbial or bac-
terial concrete is product of MICP, produced by ureolytic bacteria, requires much
less energy to produce. Such bacteria are abundant in nature in almost every
environment and can be reproduced at fast rate at low cost. Calcium carbonate
precipitated during the process of MICP might help building materials and
structures by improving compressive strength and impermeability, and ultimately
their durability. Harnessing this novel process of biogeochemistry may bring in
enormous economical benefits to construction industries and will open a new door
to the research in the arena of geotechnical and structural engineering. This chapter
critically reviews the production and mechanism of MICP. Further, a thorough
understanding of the research in the area of microbial-based cementitious mate-
rials, which lead to improving the durability of building materials and structures,
has been discussed.

14.1 Introduction

Everything comes with a price, an old saying; however, true even when we talk
about our modern civilization. Thanks (in one way) to cement, which builds
modern civilization, however at the cost of massive pollution to the health and
environment. On the other hand, the cement production is energy consuming and
environmentally unfriendly process as contributes about 7 % of global anthropo-
genic CO2 emissions (Worrell et al. 2001). It is true that we cannot replace cement
completely with other building material; however, there is high scope to reduce
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this substance in construction to lower the environmental hazard caused by
cement. Again question rises, what about the quality of such structure? We need
to find a novel way to do this without compromising the quality of building
structures. Finding such a sustainable material means, we could reduce the envi-
ronmental impact of cement.

Concrete is the most widely used building material and most of the building
structures are made up of it. However, natural processes including earthquake or
weathering or land subsidence and human activities play enough roles to degrade
or reduce the durability of concrete structures. Durability of concrete is the ability
of a concrete to resist deterioration, particularly deterioration due to weather
exposure, chemical exposure or surface abrasion (Reddy et al. 2012).

Though ignored for centuries with respect to their role in construction industry,
bacteria have enormous potential in carbonate formation leading to increment in
compressive strength, a key parameter while designing buildings structures.
Moreover, bacteria are omnipresent, especially in soil, regardless of normal to
harsh environmental conditions. It can be used perfectly in construction as live
building materials, rather than inert one, as it can precipitate carbonate when
required, even once construction is over. Together with building components,
nutrient solutions; bacteria in cementitious materials will form ‘‘concrete eco-
system.’’ Concrete ecosystem (perhaps a term coined first time here) looks simpler
as will contain only microbes as living component in conjunction with cement,
sand, aggregates and some other building materials; however, the ecosystem
process under it is highly complex due to harsh environment. It provides favorable
condition for Microbially induced Calcium Carbonate Precipitation (MICP).

The importance of MICP has been reported in several applications including
remediation of heavy metals (Achal et al. 2011a, 2012a), soil strengthening/
improvement (Whiffin et al. 2007), restoration of calcareous stone materials (Tiano
1995; Castanier et al. 1999; Stocks-Fisher et al. 1999; Rodriguez-Navarro et al.
2003), wastewater treatment (Hammes et al. 2003), sand consolidation (Achal
et al. 2009a), strengthening of concrete (Ramchandran et al. 2001), and durability
of building materials (Achal et al. 2010a). The present chapter outlines, based on
the reports from researchers worldwide, the mechanism driving MICP, concrete
construction using bacteria (thus known as microbial concrete, a term coined by
Achal et al. (2011b)) and how microbial concrete is effective to enhance the
durability of building structures.

14.2 Microbially Induced Carbonate Precipitation

Microbially induced calcite precipitation is resultant of complex biochemical
reaction often governed by an enzyme urease (urea amidohydrolase; EC 3.5.1.5)
produced by microbes. This reaction/precipitation requires urea as substrate while
calcium source as chief agent for calcite production. During microbial urease
activity, 1 mol of urea is hydrolyzed intracellularly to 1 mol of ammonia and
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1 mol of carbamate (Eq. 14.1), which spontaneously hydrolyses to form an
additional 1 mol of ammonia and carbonic acid (Eq. 14.2) (Burne and Chen 2000).
These products subsequently equilibrate in water to form bicarbonate and 2 mol of
ammonium and hydroxide ions (Eqs. 14.3 and 14.4) that give rise to an increase in
pH and ultimately shift the bicarbonate equilibrium, resulting in the formation of

carbonate ions (Eq. 14.5). High pH condition favors the formation of CO
2�

3 from
HCO�3 (Knoll 2003). Finally, the carbonate concentration will increase, inducing
an increase in supersaturation level leading to CaCO3 precipitation around the cell
in the presence of soluble calcium ions (Eqs. 14.6 and 14.7).

CO(NH2Þ2 + H2O! NH2COOH + NH3 ð14:1Þ

NH2COOH + H2O! NH3 + H2CO3 ð14:2Þ

H2CO3 $ HCO�3 + Hþ ð14:3Þ

2NH3 + 2H2O$ 2NHþ4 + 2OH� ð14:4Þ

HCO�3 + Hþ + 2NHþ4 + 2OH� $ CO2�
3 + 2NHþ4 + 2H2O ð14:5Þ

Ca2þ + Cell! Cell - Ca2þ ð14:6Þ

Cell - Ca2þ + CO2�
3 ! Cell - CaCO�3 ð14:7Þ

Based on the above equations, it may be said that calcium carbonate precipi-
tation is a biochemical process governed mainly by five key factors: (1) the urease,
(2) the calcium concentration, (3) the concentration of dissolved inorganic carbon
(DIC), (4) the pH, and (5) the availability of nucleation sites. The availability of
nucleation site is very important for continuous and stable calcium carbonate
formation. It is isolated from the environment by a delimiting geometry by limiting
the diffusion in and out of the system (Sarayu et al. 2014). The ion movement is
enabled by active pumping with organelles or passive diffusion to enable the
microorganisms to use a great variety of anatomical arrangements (Perry 2003), as

shown in Fig. 14.1. The production of CO
2�

3 from bicarbonate (HCO�3 ) in water is

strongly pH dependent, an increase in CO
2�

3 concentration occurs under alkaline
conditions that lead to deprotonation of the functional groups like carboxyl,
hydroxyl, and phosphate of the bacterial cell wall and creates a strong electrostatic
affinity to attract cations and enables the accumulation of calcium ions on the
surface of the cell wall. On the other hand, the calcium ions in the solution are
attracted to the bacterial cell wall due to the negative charge of the later. Upon
addition of urea to the bacteria, dissolved inorganic carbon and ammonium are
released in the microenvironment of the bacteria. In the presence of calcium ions,
this can result in a local supersaturation and hence heterogeneous precipitation
of calcium carbonate occurs on the bacterial cell wall (Reddy et al. 2012).
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The concrete ecosystem, rich in calcium source, provides favorable condition for
MICP as calcium carbonate precipitation readily occurs in alkaline environments

abundant of the calcium (Ca+2) and carbonate (CO
2�

3 ) ions (Stocks-Fischer et al.
1999; Ramachandran et al. 2001; Qian et al. 2010a).

14.3 Why MICP and Microbial Concrete?

Natural processes, such as weathering, faults, land subsidence, earthquakes, and
human activities create fractures and fissures in concrete structures or monuments.
These fractures and fissures are detrimental since they can reduce the service life
of the structure (Achal et al. 2011b). Such processes often weaken strength, induce
porosity and also give an unattractive appearance, and cracks lead to easy passage
for aggressive environment to reach the reinforcement and initiate corrosion.
There are synthetic agents (epoxy, hydroxyl-epoxy) or latex binding agents (such
as acrylic, polyvinyl acetate, butadiene styrene) or silanes or organic–inorganic
products available in the market to protect or repair damaged concrete structures;
however, suffer from being expensive, and problems associated with different
thermal expansion, degradation with age and the need for constant maintenance.
Appearance of cracks and fissures is an inevitable phenomenon during the aging
process of concrete structures when exposed to weather changes. Such cracking
leads to easy passage for aggressive environment to reach the reinforcement and
initiate corrosion. Moreover, sometimes repair is carried out in the areas where it is
not possible to shut down the plant or it is hazardous for human beings. Hence, in
such situations, a way should be found out to self healing materials that seal the

Fig. 14.1 Pathway of biomineral secretion and precipitation in a bacterial cell (Reprinted with
permission from Sarayu et al. 2014)
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cracks automatically. Recently, a novel technique has been reported that utilizes
microorganisms in remediation of cracks and fissures in natural and man-made
structures by precipitation of calcium carbonate.

On the other hand, the cement industry has for some time been seeking
procedures that would effectively reduce the high energy requirements and envi-
ronmental costs of cement manufacture (Rong and Qian 2012). The answer very
much depends up on ‘‘microbial concrete’’ that is based on MICP process consists
of three materials, namely, alkalophilic microbes, substrate solution and calcium
ion solution. The great promise of MICP-based microbial concrete has been
demonstrated to enhance the durability of building materials, consolidation of sand
columns, and repair of limestone monuments and concrete (Gollapudi et al. 1995;
Tiano et al. 1999a; Ramachandran et al. 2001; De Muynck et al. 2008; Qian et al.
2009; Achal et al. 2011b; Rong et al. 2012). Microbial concrete can improve the
strength and durability of structures, which are considered to be the requirements
for concrete or any other building materials. A major goal of using microbial
concrete is to ensure the quality parameters or durability of building structures.

14.4 Quality Parameters for Concrete Structures

The quality of any building material depends on three major parameters, (i)
strength, (ii) permeability, and (iii) corrosion. For an efficient microbial concrete it
should produce more compressive strength, less permeability and should not affect
corrosion of any reinforcement (Reddy et al. 2012). When MICP came in practice,
the first building material to test was sand where the process of MICP was well
established. Sand is the common material used to make most of the building
materials and structures, thus research to confine a novel methodology with sand is
warranted.

14.4.1 Biosandstone

The process of MICP was proposed as a novel method for cementing loose sands
to produce structural materials, termed as biosandstone (Fig. 14.2). It consists only
of alkalophilic urease producing bacteria, substrate solution (urea), calcium source
and sand. A typical set-up for the sand consolidation experiment to develop bio-
sandstone was simplified in Reddy et al. (2012), where sand (either mixed with
bacterial culture or later injected directly in the column) was plugged through a
plastic column and the cementation fluid (consists of nutrient media with urea and
calcium source) was injected or dropped at specific rate in the column in gravity
free flow direction.

The cementation fluid also contains nutrients that are necessary for the bacterial
growth and metabolism to perform MICP and can be transported through
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sandstone cores (Jenneman et al. 1984). The bacterial sand consolidation was
resulted into porosity reduction from sand, as reported by Kantzas et al. (1992)
when they found up to 50 and 90 % reduction in porosity and permeability,
respectively in sand consolidated by Bacillus pasteurii. Such reduction might be
due to high deposition of calcite in column, as Achal et al. (2009a) found 40 %
calcite deposition in the sand column consolidated by a mutant of Sporosarcina
pasteurii. The sand column of size 32.10 and 18.40 mm showed good amount of
compressive strength, measured up to 2 MPa (Mega Pascal) when CaCl2 was used
as calcium source for biosandstone (Qian et al. 2010b). The microbial induced
precipitated substance in bio-sandstone was checked using X-ray diffraction
(XRD) and energy dispersion spectroscopy (EDS), and calcite as main microbial
induced substance was seen in biosandstone (Fig. 14.3).

The positive results of MICP on biosandstone lead researchers to think beyond
this building material i.e., sand. Researchers started focus on more complex
building material such as cement and concrete, and studied effect of MICP on the
improvement of strength, permeability and other durability parameters.

14.4.2 Microbial Concrete and Compressive Strength

Compressive strength is the first and foremost prerequisite to judge building
materials or structures, expressed as the ultimate compression load per cross
sectional area, usually in psi, Pa or Kg/cm2. It is required to determine whether the
concrete mixture used in construction meets the requirements of the specified
strength in the job specification or not. There are several researches on mortars,
where microbial concrete was used to enhance its compressive strength. Mortar or
cement mortar refers to a workable paste to use during construction, consisting of
cement, sand and water, while the term concrete consists of similar constituents in
addition to aggregates.

Fig. 14.2 Biosandstone
(Reprinted with permission
from Achal et al. 2011a)
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Perhaps, the improvement of the compressive strength of Portland cement
mortar cubes based on MICP was initiated by Ramachandran et al. (2001). They
experimented on two different bacteria, namely, Bacillus pasteurii (later renamed
as Sporosarcina pasteurii) and Pseudomonas aeruginosa and mixed bacterial cells

Fig. 14.3 a X-ray diffraction, and b Energy dispersion spectroscopy of mineral phases microbial
induced precipitated biosandstones (Reprinted with permission from Rong et al. 2012)
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in form of pellets to mortars. The mortars were cured in solution containing urea
and calcium chloride for 7 days. When tested for compressive strength, it was
recorded about 65 MPa in the presence of S. pasteurii, which was relatively higher
than control mortars (55 MPa). As P. aeruginosa is not reported to induce calcite
precipitation, it couldn’t improve the compressive strength of mortars.

Other than bacteria of genus Bacillus, Shewanella sp. was used to enhance the
compressive strength of mortars by 17 and 25 % at 7 and 28 days, respectively;
however, they cured mortar specimens in air (Ghosh et al. 2005). Just like
P. aeruginosa, there was no increment in the compressive strength with Esche-
richia coli (non-urease producing bacterium). Later, while mixing spores of
Bacillus pseudofi rmus and Bacillus cohnii, an increment of 10 % mortar com-
pressive strength was recorded (Jonkers and Schlangen 2007).

One of problems associated, while studying compressive strength, with
microbial concrete is cost factor used in growing bacterial cells or curing in
nutrient media. To overcome this, Achal et al. (2009b) replaced the commercially
available nutrients with some industrial by products such as lactose mother liquor
(LML) and corn steep liquor (CSL). An improvement of 17 % in the compressive
strength of mortar cubes was noticed with S. pasteurii grown and cured with LML
medium compared to control (23.2 MPa) at the end of 28 days. Later, Achal et al.
(2010a) reported 35 % improvement in the compressive strength of mortar at
28 days with S. pasteurii prepared mortar cubes with CSL-urea medium. The
similar experiment resulted into 36 % improvement in the compressive strength,
when CSL was replaced with commercial nutrient medium (Achal et al. 2011b).
The effect of different media on the compressive strength of cement mortar using
S. pasteurii has been summarized in Fig. 14.4. Their experiments were of great
potential with respect to economization of microbial concrete preparation.

The overall trend of an increase in the compressive strength was very much
dependent on calcium carbonate precipitation induced by bacterial cells and the
behavior of bacterial cells within the cement mortar matrix. As cement mortar
remains still porous during the initial curing period, though bacterial cells get good
nourishment; but growth might not be proper due to the completely new envi-
ronment for bacteria, especially high cement pH (Achal et al. 2011b). As the
curing period proceed, bacterial cells started growing and start precipitating cal-
cium carbonate within mortar matrix. The bacterial growth and curing period led
to plugging of pores in the matrix and the flow of the nutrients and oxygen to the
bacterial cells stops that causes the cells either died or turned into endospores and
acts as an organic fiber that may enhance the compressive strength of the mortar
cubes (Ramachandran et al. 2001).

Further, to confirm MICP process in the improvement of compressive strength,
researchers analyzed mortar specimens with techniques such as X-ray diffraction
(XRD) and visualized with scanning electron microscope (SEM).
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14.4.3 Microbial Concrete and Permeability

Permeability is an important factor on which concrete durability depends, known
to be property that governs the rate of flow of fluid into porous mortar or concrete.
Such property controls the ingress of moisture, gas or harmful substances to
the concrete structures. Any adverse condition affecting building materials or
structures targets permeation properties easily. Some of commercially available
substances, which can be used to make such surface impermeable, are not suc-
cessfully used due to disadvantages such as, an incompatibility of the protective
layer and the underlying layer due to differences in their thermal expansion
coefficient or disintegration of the protective layer over time and a need for
constant maintenance (Reddy et al. 2012).

The ability of MICP to improve impermeability on building material surface
was first observed by Tiano et al. (1992) when they successfully used organic
matrix macromolecules extracted from Mytilus californianus shells to induce the
precipitation of calcium carbonate within the pores of the stone. The calcite pre-
cipitation resulted in a slight decrease in porosity and water absorption by capil-
larity (Tiano 1995), which was reduced about 60 % from the limestone (Tiano
et al. 1999b). Further, Le Metayer-Levrel et al. (1999) confirmed bacterial car-
bonatogenesis/biocalcification on the stone surface resulted into permeability
reduction without affecting its aesthetic appearance, with conclusion that biolog-
ical mortars or cement could be used to affix small pieces broken from statues and
to fill small cavities on limestone surfaces. Later Dick et al. (2006) reported calcite

Fig. 14.4 Effect of S. pasteurii on the compressive strength of cement mortar cubes grown in
different media at 3, 7 and 28 days (Reprinted with permission from Achal et al. 2010a)
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induced by Bacillus sp. was effective in reducing the water absorption rate of
limestone. Such researches provided way to choose other building materials. An
increase in the resistance of concrete toward alkali, sulfate, freeze thaw attack and
drying shrinkage was observed with calcite precipitating bacteria (Ramakrishnan
et al. 1998). While studying the durable effect of Bacillus sphaericus on mortars,
De Muynck et al. (2008) found a significant decrease of the water uptake com-
pared to untreated specimens (a reduction of 45, 43, and 24 % with increasing w/c)
and 19 % decrease of the chloride migration coefficient. Later, they (De Muynck
et al. 2008) concluded that the carbonate precipitation was mainly a surface
phenomenon due to the limited penetration of the bacteria in the porous matrix,
resulted in a decrease of water absorption and gas permeability from mortars.

Bacillus sp. CT-5, isolated from commercially available cement, was used to
prepare mortars and a sorptivity test was performed on it (Achal et al. 2011b).
Over a period of 168 h, the mortars with bacterial cells absorbed nearly six times
less water than the control cubes. The presence of bacteria resulted in a significant
decrease of the water uptake compared to untreated mortars. The deposition of a
layer of calcium carbonate crystals on the surface resulted in a decrease of the
sorptivity.

Achal et al. (2011c) performed the water impermeability test on the concrete
cubes of dimension 150 mm (M20 grade), prepared with mutant S. pasteurii grown
in commercially available nutrient broth (NB) and economic corn steep liquor
(CSL) media with urea as substrate and calcium chloride as calcium source. The
results indicated that the permeability of the concrete cubes prepared with bacterial
cells was lower than that of the control irrespective of media used. The penetration
at the sides of concrete was higher than that at the top due to better compaction and
closing of pores at the top by calcite precipitated by bacterial cells. Further they
reported that the resistance of concrete to chloride penetration increased with
MICP. The permeability class type was recorded ‘‘moderate’’ for control concrete
specimens, while the class changed to ‘‘low’’ type of concrete with bacterial cells
as per ASTM C1202-05. For control samples, the average charge passed was
3,177 C, whereas for samples prepared with bacterial cells in NB and CSL media
it was 1,019 and 1,185 C, respectively.

14.4.4 Microbial Concrete and Corrosion

The corrosion of steel and reinforcing bar is a predominant factor causing wide-
spread premature deterioration of concrete constructions worldwide (Raupach and
Schiebl 2001). Corrosion and permeability goes together, higher the permeability,
more would be corrosion and vice versa. The ingress of moisture, chloride ions, and
carbon dioxide initiates corrosion through the concrete to the steel surface. Chloride-
induced corrosion of reinforcing steel is one of the most pressing problems world-
wide that the construction industry is facing today. The corrosion products of iron
oxides/hydroxides expose the reinforcement to direct environmental attack that
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results in accelerated deterioration of the structure (Neville 1995). The solution
to prevent corrosion of such structure can be achieved by sealing the paths of ingress
to improve the life of the reinforced concrete (RC) structures.

As MICP promises to alleviate permeability and transport of pollutants inside
concrete, it can be effective in reducing corrosion in RC by making protective layer
or carbonate followed by calcite precipitation. However, there is scarce research on
the role of MICP in corrosion prevention of RC structure. Such research was mainly
reported by Achal et al. (2012b) where they performed detailed investigation
leading to positive impact of MICP in the RC corrosion prevention.

To determine the effect of MICP, Achal et al. (2012b) prepared the RC spec-
imens with bacterial cells (Bacillus sp. CT-5) and induced corrosion by applying a
constant anodic potential of 40 V for 7 days. There was visible calcite precipita-
tion on bacterially treated RC specimens. After 7 days of accelerated corrosion,
numerous (at least seven) cracks with widths nearly 0.2 mm (0.008 in.) were
observed on control specimens with one longitudinal localized crack of width
0.3 mm within 36 h, whereas in bacterially treated samples, a crack of that width
appeared not before 168 h. The control specimens had significantly higher Icorr
(60.83 mA/m2 [39.25 mA/in.2]) compared to MICP samples (14.78 mA/m2

[9.53 mA/in.2]) in nutrient and 20.03 mA/m2 (12.92 mA/in.2) in CSL media. An
approximate four-fold reduction in Icorr by Bacillus sp. CT-5 suggests that the
calcite precipitation has the effect of greatly reducing corrosion. Achal et al.
(2012b) concluded that the formation of calcite might facilitate the protective
passive film around the steel and act as a corrosion inhibitor by interrupting the
transport process in such samples. Further, they also found that pullout strength
was enhanced and mass loss of the reinforcing bar was reduced due to MICP.

Based on calcium carbonate induced by B. pasteurii, Qian et al. (2010a) showed
improvement in the surface impermeability of cement mortars, resulted in resis-
tance to the acid (pH [ 1.5). They concluded MICP ability in the prevention of
corrosion of building materials and structures. The results of various researchers
on microbial concrete with their target materials have been summarized in
Table 14.1.

14.5 Cost Analysis of Microbial Concrete?

As microbial concrete is novel product, which can be used to enhance the dura-
bility of building structures, many researchers or engineers doubt on its production
cost. The costs of microbial concrete depend very much on the price of bacteria
and nutrients. Further, the price of bacteria varies country to country; however, one
standard bacterial strain, if bought from ATCC, costs US $500, and from MTCC,
costs US $10, while CGMCC sells at US $200. De Muynck et al. (2010) reported
the cost analysis of microbial concrete based on personal communication by an
employee of the Belgian company FTB remmers 2008; http://www.ftbremmers.
com/). The price of 1 kg lyophilized bacteria is about US $1,500 (1,100 €) and
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2–3 g/m2 is applied in concrete, which costs about US $4 (3 €)/m2. The cost of
nutrients is estimated to be about US $250 (180 €)/kg. Based on this analysis, the
dosage for microbial concrete application will generally range between 0.04 and 0.
08 kg/m2, bringing the cost of nutrients to US $7–15 (5–10 €)/m2 and the total
product cost is estimated around US $31–39 (23–28 €)/m2.

The additional cost during the preparation of biological mortar or microbial
concrete will be that of bacteria and nutrient; however, the cost of nutrients can be
reduced significantly by replacing standard or commercially available nutrients
with such industrial by products, rich in carbohydrate/protein/energy sources. Achal
et al. (2011c) successfully reduced the cost of microbial concrete production by
replacing standard nutrient with corn steep liquor (CSL). Corn steep liquor can
typically be available locally with a price of nearly US $2 (1.5 €)/L, which is very
economic compared with standard nutrient medium and this brings the biodeposi-
tion cost to US $0.5–1.0 (0.3–0.7 €)/m2. The performance of CSL was significantly
better than standard laboratory nutrients in terms of microbial concrete production.
Hence, CSL offers an economic advantage over the standard nutrient medium and
the overall process cost reduces dramatically, and finding such other economic
nutrient solution is of need.

Table 14.1 Overview of BioCement applications with respect to target, microorganism used and
origin of country

Target Microorganism Origin References

Limestone protection Biocalcin
producing bacteria

France Adolphe et al. (1990),
Le Metayer-Levrel et al. (1999)

Monumental stone
protection

Mytilus
californianus

Italy Tiano et al. (1992), Tiano (1995)

Monumental stone
porosity

Micrococcus sp. Italy Tiano et al. (1999a)

Bacillus subtilis

Biochemical
properties of MICP

B. pasteurii USA Stocks-Fischer et al. (1999)

Concrete crack
remediation

B. pasteurii USA Ramachandran et al. (2001)

Ornamental stone
conservation

Myxococcus
xanthus

Spain Rodriguez-Navarro et al. (2003)

Concrete durability B. sphaericus Belgium De Muynck et al. (2008)

Concrete crack repair B. sphaericus Belgium Van Tittelboom et al. (2009)

Compressive strength
of cement mortars

Shewanella sp. India Ghosh et al. (2005)

Bacillus sp. CT-5 Achal et al. (2011b)

Greener media in
BioCement

S. pasteurii India Achal et al. (2009b, 2010a)

Corrosion prevention Bacillus sp. CT-5 India Achal et al. (2012b)

Bio-sandstone Alkalophilic
microbes, Bacillus
spp.

China Qian et al. (2010a), Rong et al.
(2012), Rong and Qian (2012)
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14.6 Conclusions

The quality of building structures is very much dependent upon its strength and
impermeability. However, many natural processes causes damage to such struc-
tures. In such a situation, it is very important to find novel additive to use during
construction, which can improve the durability of structures as well, can be used in
the remediation of damaged affects. Hence, a sustainable building material is need
of time. Microbially induced calcium carbonate precipitation has great potential
not only in the area of microbiology or environmental biotechnology, but also in
civil and geotechnical engineering. The introduction of MICP-based microbial
concrete offers a novel additive to cement-based materials with adequate imper-
meability, compressive strength, and reduced reinforced corrosion. The laboratory-
based researches provide enough evidence for the successful use of microbial
concrete; however, the real challenges are to use it in field studies and in con-
struction of new structures. More research requires converting results achieved in
the laboratory into practical applications. The microbial concrete can also be
utilized in rehabilitation of heritage stone and lime mortar structures. This MICP-
based process can also be carefully used in the remediation of structures that
contain hazardous materials such as nuclear fill buildings. The production of
bacteria for structural concrete will provide the basis for an alternative and high
quality concrete sealant that is highly economic and environmentally safe, leading
to the enhancement in the durability of building materials and structures.
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Chapter 15
Bacteria for Concrete Surface Treatment

Peihao Li and Wenjun Qu

Abstract Bacterial induced calcium carbonate deposition, i.e., biodeposition is a
widespread natural process, occurring under different conditions in the biosphere.
For the moment, biodeposition has been investigated extensively both in natural
processes and under laboratory conditions. Biodeposition has led to the exploration
in the field of construction materials and has been studied in detail with numerous
applications in civil engineering. Various mechanisms of bacterial induced
deposition have been proposed. Biodeposition can be influenced by the environ-
mental physicochemical conditions, and it is correlated with both the metabolic
activity and the cell surface structures of bacteria. Surface treatment of concrete
materials and structures by means of biodeposition, i.e., a bacterially deposited
carbonate layer presents a promising novel biotechnology for the enhancement or
improvement of durability of concrete materials and structures. Biodeposition
make bacterial concrete, a novel most important metabolic byproduct, can reme-
diate concrete structures. This chapter reviews the main mechanisms of the process
and literature on biodeposition carbonates as surface treatment agents for the
decrease in permeability of concrete materials and structures, bacterial induced
carbonates as a binder material, i.e., biocementation, have been added to concrete
for the improvement of compressive strength and the remediation of concrete
surface cracks. The chapter suggests potential applications of biodeposition as an
ecological and novel alternative to traditional techniques in subsurface remedia-
tion of concrete structures and accordingly enhancement in their service life.
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15.1 Introduction

Concrete material is the most widely used in building all over the world. Current
remediation of degraded concrete structures has drawn the attention to the methods
to slow down or even to eliminate concrete degradation. Nowadays a broad range
of organic and inorganic products is applied to the protection of concrete surfaces,
such as a variety of coatings, water repellents, and pore blockers. Synthetic agents
such as epoxies and surface treatments with water repellents such as silanes or
siloxanes or with pore blockers are applied for remediation of these structures.
These conventional surface treatments show, however, beside their pro influences
also a number of disadvantageous aspects, e.g., different thermal expansion
coefficient of the treated layers, degradation over time and the need for constant
maintenance, and environmental pollution (Moon et al. 2007; De Muynck et al.
2008a, b). Organic treatments commonly result in the formation of incompatible
and often harmful surface films. Additionally, because large quantities of organic
solvents are used, they contribute to pollution (Camaiti et al. 1988). Inorganic
consolidation may be preferable since stone materials and protective or consoli-
dating materials share some physicochemical affinity (Rodriguez-Navarro et al.
2003). Surface cracks and fissures is an inevitable phenomenon during the course
of concrete structures when exposed to weather changes. Shortcomings have
drawn the attention to alternative techniques. It is necessary to develop some new
eco-friendly self-healing techniques to concrete structures to meet various
demands to enhance their durability. Bacterial induced carbonate deposition (i.e.,
biodeposition) treatment was similar as conventional treatments. Promising results
of techniques based on microbial mineralization have lead to several investigations
on the use of bacteria in concrete. Alkali-resistant spore-forming bacteria represent
promising candidates for application in concrete and probably other cement-based
materials (Jonkers et al. 2010). The use of stone consolidants aims at re-estab-
lishing the cohesion between grains of deteriorated stone. However, both con-
servation treatments are subject to frequent controversy due to their nonreversible
action and their limited long-term performance. Because of problems related to
incompatibility with the stone, both water repellents and consolidants have often
been reported to accelerate stone decay (Moropoulou et al. 2003). Biodeposition
has been proposed as an eco-friendly method to protect decayed building stone.
The method relies on biodeposition formation of a compatible carbonate precip-
itate on limestone, and unlike the lime-water treatment, the carbonate cement
appears to be highly coherent (Le Metayer-Levrel et al. 1999).

Bacteria are small, prokaryotic, microorganism that are ubiquitous in terrestrial
and aquatic habitats. Some of them can cause deterioration to construction
materials such as stone and concrete by the weathering action of various physical,
chemical, and biological damage factors at the object site (Warscheid and Braams
2000; Gaylarde et al. 2003). Actually, some of them are also capable of remedi-
ation of buildings materials. Microbial activity can have strong impact on the
durability of building materials. Some can cause deterioration to construction
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materials by the weathering action of various physical, chemical, and biological
damage factors. The controlled use of bacteria offers new approaches for cons-
ervators to help preserve, protect, and restore building materials. Techniques based
on biodeposition have lead to several investigations on the use of bacteria in
concrete and the exploration in the field of construction materials. Biodeposition
consolidating and/or protecting efficacy are of great worth, because bacteria induce
carbonate cementation to a depth of several hundred micrometers (C500 lm).
Furthermore, no plugging or blocking of pores takes place during this cementation
(Rodriguez-Navarro et al. 2003). Bacterially induced carbonate mineralization has
been proposed as a novel method on corrosion protection of construction materials
(Qian et al. 2009; De Muynck et al. 2010). Bacterial induced/mediated calcium
carbonate deposition, i.e., biodeposition is a widespread natural process, occurring
under different conditions in the biosphere. For the moment, biodeposition has
been investigated extensively both in natural processes and under laboratory
conditions. Biodeposition has led to the exploration in the field of construction
materials and has been studied in detail with numerous applications in civil
engineering.

Bacterial induced carbonate deposition is a widespread natural process among
bacteria, occurring under different conditions in the biosphere (Boquet et al. 1973)
and common in different environments such as terrestrial and aquatic habitats
(Castanier et al. 1999; Ehrlich 1998). Biodeposition applications include biomi-
metic processes and materials and examples of bioremediation (and stabilization)
in several fields ranging from applied environmental microbiology, for example,
leaching and bioremediation of inorganic contaminants to civil and environmental
engineering, for example, bioplugging, sediment dikes, biogrouting, and remedi-
ation of concrete and limestone structures (Rodriguez-Navarro et al. 2003; Bar-
abesi et al. 2007; De Muynck et al. 2010).

Some studies of biodeposition have proposed different mechanisms (Ehrlich
1996) and have pointed out the complexity of deposition that can be influenced by
the environmental physicochemical conditions and its process is correlated with
both the metabolic activity and the cell surface structures of bacteria (Fortin et al.
1997; Castanier et al. 1999). Although biodeposition is a widespread occurring
natural process and has been investigated extensively both in natural environments
and under defined laboratory conditions, the key role played by bacteria in the
course of deposition is still worthy of further discussing (Von Knorre and
Krumbein 2000; Zavarzin 2002).

Biodeposition has been proposed as a novel method on corrosion protection of
building materials. Surface treatment of concrete materials and structures by
means of biodeposition presents a promising novel biotechnology for the
enhancement or improvement of durability of concrete materials and structures.
This chapter starts with a brief overview of the main commonly recognized fea-
tures of biodeposition (Sect. 7.2), followed by the description of concrete surface
treatment based on biodeposition and literature on biodeposition carbonates as
surface treatment agents for the decrease of permeability in concrete materials and
structures (Sect. 7.3) and bacterial self-healing concrete and bacterial induced
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carbonates as a binder material, i.e., biocementation, have been added to concrete
for the improvement of compressive strength and the remediation of concrete
surface cracks (Sect. 7.4). The chapter suggests potential applications of biode-
position as an eco-novel alternative to traditional techniques in remediation of
defects in concrete structures and accordingly enhancement in their service life.

15.2 Bacterial Induced Deposition

15.2.1 Bacterial Induced/Mediated Deposition

Bacterial induced carbonate deposition is a widespread natural process, occurring
by most soil bacterial isolates on a solid medium with added calcium and con-
cluded that under suitable conditions (Boquet et al. 1973), biodeposition as a
process which bacteria conduct both in bacterially induced (active) and/or in
bacterially influenced or mediated (passive) way (Dupraz et al. 2009). Different
bacterial strains can induce deposition of different amounts, shapes, and types of
carbonate crystals from exactly the same synthetic medium, with an apparent
occurring of environment- and species-specific biodeposition (Hammes and
Verstraete 2002). Some authors emphasize that carbonate deposition by bacteria is
an unwanted byproduct of bacterial physiological activities under special envi-
ronmental conditions, a simple physiological accident. Bacteria would not pre-
cipitate carbonate particles by a specific mechanism and the supply of a structure
by bacteria would not be necessary (von Knorre and Krumbein 2000). Other
authors emphasize that the role of bacteria in carbonate deposition can be specific
with ecological benefits for the precipitating organisms (McConnaughey and
Whelan 1997; Castanier et al. 1999; Barabesi et al. 2007). Castanier et al. (1999)
distinguish between passive and active deposition mechanisms which may occur,
often concurrently, in heterotrophic bacteria. Passive deposition (or passive car-
bonatogenesis) operates by producing carbonate and bicarbonate ions and inducing
chemical modifications in the medium through metabolic pathways (e.g., linked to
nitrogen and sulfur cycles). In active deposition (or active carbonatogenesis), the
carbonate particles would be produced by ionic exchanges through the cell
membrane by activation of calcium and/or magnesium ionic pumps or channels,
probably coupled with carbonate ion production. Active deposition would be
independent of specific metabolic pathways (von Knorre and Krumbein 2000).
Accordingly, the role of bacteria in CaCO3 deposition and different mechanisms of
biodeposition were proposed by different author (Ehrlich 1996), but the key role
played by bacteria in the processes is still debated and worthy of further dis-
cussing. They include calcium concentration of the medium by microbial binding,
metabolic alteration of the medium that results in changes in bicarbonate con-
centration and pH, and bacterial bodies acting as crystal nucleation sites (Little
et al. 1997). It seems that different bacteria as well as abiotic factors seem to
contribute in a different ways to carbonate deposition in a wide range of
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environments. Biodeposition is a specific type of the biologically induced min-
eralization, referring to deposition that results from interactions between bacterial
metabolic activities and the natural environment (Weiner and Dove 2003; Dupraz
et al. 2009). Bacterial metabolic activities and cell surface structures and their
interactions with environmental physicochemical parameters are commonly rec-
ognized as the key factors in carbonate deposition (Fortin et al. 1997; Douglas and
Beveridge 1998; Rodriguez-Navarro et al. 2003). Essential condition of carbonate
deposition is a carbonate alkalinity and the availability of free calcium ions (the
two are combined as a saturation index, i.e., SI) and concentrations of both free
carbonate CO3

2- and Ca2+ ions must exceed saturation (Dupraz et al. 2009;
Decho 2010), carbonate deposition is a rather straightforward chemical process
governed by four key factors (Hammes and Verstraete 2002):

(1) the calcium (Ca2+) concentration,
(2) the concentration of dissolved inorganic carbon (DIC),
(3) the pH, and
(4) the availability of nucleation sites.

In the deposition process, bacteria create an alkaline environment by an
increase in pH to 8.0 and higher and a DIC increase through their metabolic
activities (Castanier et al. 1999; Douglas and Beveridge 1998).

Bacterial surface cells are able to induce pH variations in the medium, which
result in variations of the pH in the surrounding microenvironment (Fortin et al.
1997). Accordingly, bacterial surface cells also play an important role in calcium
deposition (Fortin et al. 1997). Surface bacterial (macro) molecules can induce
carbonate deposition, providing a template for carbonate nucleation, both as part
of bacterial cell and as cell-free, when released in the environment; in the latter
case, primarily as polymeric substances. Bacterial surfaces, and consequently
bacterial cells, can act as important sites for the absorption of cations and con-
stitute particularly favorable templates for heterogeneous nucleation and crystal
growth (Fortin et al. 1997). Due to the presence of several negatively charged
groups, at neutral pH, positively charged metal ions could be bound on bacterial
surfaces, favoring heterogeneous nucleation (Fortin et al. 1997; Douglas and
Beveridge 1998). Among surface structures, bacterial cell walls have been studied
for their ability to complex metals (Jiang et al. 2004). Negative charges result
predominantly from deprotonation of carboxyl, phosphate, and hydroxyl func-
tional groups exposed on the outer surface of the cell wall (Fein et al. 1997). The
first step is a stoichiometric interaction of metal with reactive chemical groups,
which reside primarily in the peptidoglycan. After complexation, these sites
nucleate the deposition of more metal as a chemical precipitate. Surface reactivity
of bacterial cells depends on the metabolic state of the cells (Jiang et al. 2004). In
the absence of metabolic activity, passive interactions may occur in which
microbial cells (inactive living or dead) behave as solid-phase sorbents of dis-
solved metals, and heterogeneous nucleation templates for authigenic mineral
deposition (Beveridge 1989). B. subtilis dead cells, as well as a cell fraction
comprising the cell wall, were demonstrated able to induce calcite formation in a
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laboratory test, acting as heterogeneous crystallization nuclei, with an applicative
potential in the reinforcement of monumental calcareous stones (Barabesi et al.
2003). Functional groups on the B. subtilis cell wall were considered able to bind
dissolved Ca2+ in a calcite dissolution study with dead cells (Friis et al. 2003). Like
other deposition processes, calcium carbonate (CaCO3) deposition can occur by
two different mechanisms: biologically controlled or induced. In biologically
controlled mechanisms, the organism controls the process, i.e., nucleation and
growth of the mineral particles, to a high degree. The organism synthesizes
crystals in a form that is unique to that species, independently of environmental
conditions. Examples of controlled mineralization are magnetite formation in
magnetotactic bacteria and silica deposition in the unicellular algae coccolitho-
phores and diatoms, respectively (Bazylinski et al. 2007; Barabesi et al. 2007).
Different types of bacteria, as well as abiotic factors (salinity and composition of
the synthetic medium), seem to contribute in a variety of ways to calcium car-
bonate deposition in a wide range of different environments (Von Knorre and
Krumbein 2000; Rivadeneyra et al. 2004). The type of calcium carbonate depo-
sition is largely dependent on the environmental conditions; accordingly, biode-
position has been generally regarded as induced mechanisms (Rivadeneyra et al.
1994; Perito and Mastromei 2011).

15.2.2 Role of Bacteria on Calcium Carbonate Deposition

According to calcium carbonate deposition governed by four key factors (Hammes
and Verstraete 2002), CaCO3 deposition requires sufficient calcium and carbonate
ions so that the ion activity product (IAP) exceeds the solubility constant (Ksp)
(Eqs. (15.1) and (15.1)). From the comparison of the IAP with the Ksp, the sat-
uration state (X) of the system can be defined; if X[ 1 the system is oversaturated
and deposition is likely (Morse 1983):

Ca2þ þ CO2�
3 $ CaCO3 ð15:1Þ

X ¼ Ca2þ� �
CO2�

3

� �
=Ksp with Kspcalcite;25� ¼ 4:8� 10�9 ð15:2Þ

The concentration of carbonate ions is related to the concentration of DIC and
the pH of a given aquatic system. In addition, the concentration of DIC depends on
several environmental parameters such as temperature and the partial pressure of
carbon dioxide (for systems exposed to the atmosphere). The equilibrium reactions
and constants governing the dissolution of CO2 in aqueous media (25 �C and
1 atm) are given in Eqs. (15.3)–(15.6) (Stumm and Morgan 1981):

CO2ðgÞ $ CO2ðaqÞ pKh ¼ 1:468ð Þ ð15:3Þ

330 P. Li and W. Qu



CO2ðaqÞ þ H2O$ H2CO3 pK ¼ 2:84ð Þ ð15:4Þ

H2CO�3 $ Hþ þ HCO�3 pK1 ¼ 6:352ð Þ ð15:5Þ

HCO�3 $ CO2�
3 þ Hþ pK2 ¼ 10:329ð Þ ð15:6Þ

Several authors recognized specific metabolic pathways to be involved in
carbonate deposition, with the pH change of the medium as the main mechanism
favoring deposition. In general, metabolic pathways able to shift the environmental
pH toward alkalinity can, in the presence of calcium ions, foster carbonate
deposition when a state of oversaturation develops (Fortin et al. 1997). Bacteria
can induce deposition by altering almost any of the deposition parameters
described above, either separately or in various combinations with one another.
Both autotrophic and heterotrophic pathways create an alkaline environment.
While the environmental conditions of heterotrophic pathways are diverse (aero-
biosis, anaerobiosis, and microaerophily), carbonate deposition always appears to
be a response of the heterotrophic bacterial communities to an enrichment of the
environment in organic matter (Castanier et al. 1999). Besides changes induced in
the macro-environment, bacteria have also been reported to influence calcium
carbonate deposition by acting as sites of nucleation or calcium enrichment
(Morita 1980). Due to the presence of several negatively charged groups on the
cell wall, at a neutral pH, positively charged metal ions can be bound on bacterial
surfaces (Douglas and Beveridge 1998). Such bound metal ions (e.g., calcium)
may subsequently react with anions (e.g., carbonate) to form an insoluble salt (e.g.,
calcium carbonate). In the case of a sufficient excess of the required cations and
anions, the metal salt on the cell surface initiates mineral formation by acting as a
nucleation site. The anion (e.g., carbonate) in this reaction may be a product of the
bacterial metabolism, or it may have an abiotic origin (Ehrlich 1998). Furthermore,
it has been demonstrated that specific bacterial outer structures (glycocalyx and
parietal polymers) consisting of exopolysaccharides and amino acids play an
essential role in the morphology and mineralogy of bacterially induced carbonate
deposition (Braissant et al. 2003; Ercole et al. 2007).

An alkaline barrier formed as a result of bacterial metabolic activities,
responsible for carbonate deposition. The alkaline barrier is primarily due to
decomposition of anions rather than to production of alkali. Organisms that
increase the medium pH by the elimination of anions leave the scene ready for
calcium deposition. Rather than activities of single species or groups, activities of
microbial communities should be considered in natural environments (Zavarzin
2002). Metabolic pathways involved in bicarbonate deposition include autotrophic
as well as heterotrophic pathways (both in aerobiosis and in anaerobiosis) with a
different contribute. Three main kinds of bacteria are involved in autotrophic
production methanogenic archaebacteria, sulfurous or non-sulfurous, purple and
green bacteria, and cyanobacteria. All obtain carbon from gaseous or dissolved
CO2, the origin of which is complex and use it as carbon source to produce organic
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matter. These pathways induce local CO2 depletion either of the medium or of the
immediate environment of bacteria (Castanier et al. 1999). When calcium ions are
present in well-buffered alkaline or neutral media, such depletion favors carbonate
deposition according to the overall reaction (Eq. 15.7):

Ca2þ þ 2HCO�3 $ CaCO3 þ CO2 þ H2O ð15:7Þ

During consumption of bicarbonate in photosynthesis, cyanobacteria generate
carbonate and thereby create alkaline surroundings (Eqs. 15.8 and 15.10), which
induce the deposition of carbonate by Ca2+ dissolved in water. The process is
based on the metabolic utilization of dissolved CO2, which exists in chemical
equilibrium with HCO3

- and CO3
2- (Eq. 15.9) in the medium surrounding the

bacteria. This would induce a shift in the bicarbonate equilibrium and a subsequent
pH rise in the bulk medium, deposition could occur if soluble calcium ions are
present (Eqs. 15.9 and 15.10). So the most common form of bicarbonate deposi-
tion is in excuse of carbonate deposition by photosynthetic cyanobacteria in
aqueous environments such as marine and/or freshwater ones (McConnaughey and
Whelan 1997; Ehrlich 1998).

2HCO�3 $ CO2 þ CO2þ
3 þ H2O ð15:8Þ

CO2 þ H2O$ CH2Oð Þ þ O2 ð15:9Þ

CO2�
3 þ H2O$ HCO�3 þ OH� ð15:10Þ

HCO�3 þ H2O$ CH2Oð Þ þ O2 þ OH� ð15:11Þ

HCO�3 þ OH� ! CO2þ
3 þ H2O ð15:12Þ

The cyanobacterium can convert intracellular HCO3- photosynthetically into
reduced carbon (CH2O), extracellular HCO3

- is exchanged for intracellular OH-

across the cell membrane (Eq. 15.11). The extracellular OH- generates an alkaline
peri-cellular region where CO3

2- is generated from HCO3
- (Eq. 15.12). The

resulting CO3
2- immediately reacts with Ca2+ at the cell surface to form CaCO3.

The carbonate deposits can be in the form of marl sediment and massive bioherms
(Ehrlich 1998).

Biodeposition generally results from a series of complex biochemical reactions
(Stocks-Fischer et al. 1999) involving urease (urea amidohydrolase). Urea or uric
acid hydrolysis by the urease enzyme is a simple model, and it has often been used
in technological application of bicarbonate deposition. During microbial urease
activity, 1 mol of urea is hydrolyzed intracellularly to 1 mol of ammonia and 1 mol
of carbamate (Eq. 15.13), which spontaneously hydrolyses to form an additional
1 mol of ammonia and carbonic acid (Eq. 15.14) (Burne and Chen 2000).
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CO NH2ð Þ2þ H2O! NH2COOH þ NH3 ð5:13Þ

NH2COOH þ H2O! NH3 þ H2CO3 ð5:14Þ

These products subsequently equilibrate in water to form bicarbonate and 2 mol
of ammonium and hydroxide ions (Eqs. 15.15 and 15.16). The two reactions result
in a pH increase, which in turn shifts the bicarbonate equilibrium, resulting in the
formation of carbonate ions (Eq. 15.17). The pH increase takes place initially in
the local microenvironment around the bacterial cell and propagates in the bulk
solution of the bacterial cell suspension.

H2CO3 $ HCO3� þ Hþ ð5:15Þ

NH3 þ 2H2O$ 2NHþ4 þ 2OH� ð5:16Þ

HCO�3 þ Hþ þ 2NHþ4 þ 2OH� $ CO2�
3 þ 2NHþ4 þ 2H2O ð5:17Þ

Thus, the carbonate concentration will increase, inducing an increase in X
(according to Eq. 15.2) and resulting in CaCO3 deposition around the cell in the
presence of soluble calcium ions as shown in Eqs. 15.18 and 15.19.

Ca2þ þ Cell! Cell� Ca2þ ð5:18Þ

Cell� Ca2þ þ CO2�
3 ! Cell� CaCO3 # ð5:19Þ

The pH of solution occurs have strongly influence on the production of CO3
2-

from bicarbonate (HCO3
-), an increase in CO3

2- concentration with increase of
alkaline conditions. Therefore, calcium carbonate deposition readily occurs in
alkaline environments abundant of the calcium (Ca2+) and carbonate (CO3

2-) ions
(Stocks-Fischer et al. 1999; Ramachandran et al. 2001; Qian et al. 2010a). Urease
activity promotes deposition outside the cells. Calcium ions in the solution are
attracted to the bacterial cell wall with the negative charge. In the presence of
calcium ions, a local supersaturation result in heterogeneous deposition of calcium
carbonate occurs on the bacterial cell wall. Furthermore, it has been demonstrated
that specific bacterial outer structures (glycocalyx and parietal polymers), a variety
of organic polymers outside the cell wall (Lappin-Scott et al. 1988; MacLeod et al.
1988) or exopolymeric substances consisting of exopolysaccharides, proteins, and
amino acids play an essential role in the morphology and mineralogy of bacterially
induced carbonate deposition (Braissant et al. 2003; Ercole et al. 2007). The
carbonate deposition has subsequently led to the exploration of this process in the
field of bioremediation. The use of carbonate deposition has also been proposed
for the removal of heavy metals (Warren et al. 2001) and biodegradation of pol-
lutants (Simon et al. 2004; Chaturvedi et al. 2006). Urease is the key enzyme
involved in the process of calcite deposition induced by bacteria. Bacteria are
known to hydrolyze urea by urease for the purposes of (1) increasing the ambient
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pH (Burne and Marquis 2000), (2) utilizing it as a nitrogen source (Burne and
Chen 2000), and (3) using it as a source of energy. There are many species of
Bacillus reported that produce large amount of urease, further helps in carbonate
deposition and biocementation (De Muynck et al. 2008a, b; Achal et al. 2009).
Sporosarcina pasteurii is another specialist organism that has a different use for
urease, other than nitrogen assimilation. S. pasteurii is a moderately alkaliphilic
organism with a growth optimum at pH 9.25. Urea hydrolysis is the most easily
controlled of the carbonate generating reactions, with the potential to produce high
concentrations of carbonate within a short time. Beside conventional bioremedi-
ation measurement, a number of applications involving bacterial deposition have
been attempted in the area of construction industry.

Bacterial induced carbonate deposition has subsequently led to the exploration
of this process in a variety of fields. A first series of applications is situated in the
field of bioremediation. In addition to conventional bioremediation strategies
which rely on the biodegradation of organic pollutants (Chaturvedi et al. 2006;
Simon et al. 2004). Applications include the treatment of groundwater contami-
nated with heavy metals (Warren et al. 2001) and radionucleotides (Fujita et al.
2004), the removal of calcium from wastewater (Hammes et al. 2003a, b). Another
series of applications aims at modifying the properties of soil, i.e., for the
enhancement of oil recovery from oil reservoirs (Nemati and Voordouw 2003;
Nemati et al. 2005), plugging (Ferris and Stehmeier 1992) and strengthening of
sand columns (DeJong et al. 2006; Whiffin et al. 2007). In recent years, biode-
position has been investigated for its potential to improve the durability of con-
crete materials. The deposition can be divided into processes for the deposition of
a protective surface layer with consolidating and/or waterproofing properties, i.e.,
biodeposition for surface treatment, and processes for the generation of a bio-
logically induced binder, i.e., biocementation for bacterial concrete. Following
section deals with detailed review regarding parameters affecting the durability of
concrete materials and structures.

15.3 Concrete Surface Treatment by Biodeposition

15.3.1 Bioremediation of Concrete Surface Cracks

Concrete materials have been used extensively as worldwide construction mate-
rials. They have been typically characterized by a high-compressive strength and a
relative low-tensile strength. The latter can be offsetted by the application of steel
or other material reinforcements taking over tensile forces. High-tensile stresses
may be result from external loads, imposed deformations (due to confined
shrinkage, temperature gradients, or differential settlement), plastic settlement,
plastic shrinkage, and expansive reactions (e.g., due to alkali silica reaction,
reinforcement corrosion, or sulfate attack). Microcrack formation is a commonly
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phenomenon in concrete structures due to various natural or human activities,
execrably affects concrete structural properties, increases permeability, and sub-
stantially reduces the durability of concrete structures ingress of detrimental
components in moist environments. Once microcracks form a continuous network,
they may provide an easy path for the transport of potentially contain detrimental
substances and substantially contribute to the permeability of cementitious mate-
rials, thereby reducing the resistance against attack of detrimental substances. If
microcracks grow further and reach the reinforcement, not only the concrete itself
may be attacked, but also the reinforcement will be corroded when it is exposed to
water and oxygen, and possibly carbon dioxide and chlorides. Microcracks may
reduce or impair the durability of concrete structures and are therefore precursors
to structural failure. Some important measures were taken to diminish the per-
meability of detrimental components or to slow down or even to eliminate con-
crete degradation. Many of techniques are available but traditional repair systems
have a number of disadvantageous aspects such as different thermal expansion
coefficient compared to concrete and environmental and health hazards and so on.
Biodeposition plays an important role in limiting the infiltration of detrimental
components into concrete and lead to the exploration of remediation technique in
the field of cementitious materials (Peihao et al. 2012). Cracks were plugged and
healed with a mixture of bacteria, nutrients, and a filler material. Among the
different materials that were mixed with S. pasteurii, the silica fume and sand
mixture lead to the highest compressive strength and lowest permeability. Dif-
ferent bacteria have been used to increase the compressive strength of cement
mortar and for the remediation of cracks in concrete. Ghosh et al. (2005) dem-
onstrated the positive effect of the addition of Shewanella on the compressive
strength of mortar specimens. An increase of 25 % of the 28 days compressive
strength was obtained for a cell concentration of about 105 cellsmL-1. Microbial
cells also prevent ingress of water effectively in different concentrations of fly ash-
amended concrete. It is therefore more advisable and economical to restrict the
development of early age small cracks the moment they appear, than to repair
them after they have developed to large cracks.

The use of a microbial mineral plugging system based on the deposition of
carbonates was suggested (Ferris and Stehmeier 1992; Zhong and Islam 1995).
While initial research on biodeposition in sand columns was mainly focused on the
decrease in porosity and permeability as a result of the physical presence of the
newly formed carbonates (Ferris and Stehmeier 1992), subsequently investigations
focus on the improvement of strength as a result of the cementation of sand
particles due to the particle binding properties of the bacterially deposition car-
bonates (Kucharski et al. 2006). The hydrolysis of urea was selected as a very
suitable pathway for the production of carbonate ions due to its ability to alkalinize
the environment. Furthermore, urea is an important organic nitrogen carrier in
natural environments and is commonly used as an agricultural fertilizer (Nielsen
et al. 1998). Furthermore, the ability to hydrolyze urea is widely distributed among
indigenous bacteria in soils and groundwater systems (Fujita et al. 2000). Urea-
utilizing bacteria such as Sporosarcina pasteurii and Sporosarcina ureae are
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commonly isolated from soil, water, sewage, and incrustations on urinals. The
participation of S. pasteurii in sand consolidation has been demonstrated by
Kantzas et al. (1992). Gollapudi et al. (1995) further investigated the use of S.
pasteurii for the plugging of sand columns. Although the bacteria were mixed with
the sand slurry, consolidation mainly occurred near the surface.

The use of bacteria products as a long-term remediation tool has promised high
potential for crack healing of various structural formations such as granite and
concrete (Gollapudi et al. 1995). Stocks-Fischer et al. (1999) showed that bacteria
were directly involved in deposition by providing a nucleation site and by creating
an alkaline environment which favored carbonate deposition. Zhong and Islam
(1995) used the consolidation of sand mixtures for the remediation of cracks in
granite. Cracks in granite were packed with a mixture of bacteria, nutrients, and a
filler material. Among the different materials that were mixed with B. pasteurii, the
silica fume (10 %) and sand (90 %) mixture lead to the highest compressive
strength and lowest permeability. Bacterially enhanced crack remediation has been
reported by Bang et al. (2001). They used Bacillus pasteurii to induce CaCO3

deposition. Scanning electron micrography (SEM) and X-ray diffraction (XRD)
analysis has shown the direct involvement of bacteria in the process of deposition.
As a further extension to this research, Ramachandran et al. (2001) investigated the
microbiological remediation of cracks in concrete and proposed carbonate depo-
sition as an effective way to seal cracks. The appearance of cracks and fissures is
an inevitable phenomenon during the aging process of concrete structures upon
exposure to weather changes. If left untreated, cracks tend to expand further and
eventually lead to costly repair. Specimens with cracks filled with bacteria,
nutrients, and sand demonstrated a significant increase in compressive strength and
stiffness values when compared with those without cells. The presence of calcite
was, however, limited to the surface areas of the crack. B. pasteurii grows more
actively in the presence of oxygen. Still, the highly alkaline pH (12.5) of concrete
was a major hindering factor to the growth of the moderate alkaliphile B. pasteurii,
whose growth optimum is around a pH of 9. To retain high metabolic activities of
bacterial cells at such a high pH, immobilization technology (where microbial cells
are encapsulated in polymers) can be applied. Bang et al. (2001) found that
physicochemically versatile polyurethane is an effective enhancement tool in
microbiologically induced calcite deposition in concrete cracks. In order to protect
the cells from high pH, Day et al. (2003) investigated the effect of different filler
materials on the effectiveness of the crack remediation. Beams treated with bac-
teria and polyurethane showed a higher improvement in stiffness compared to filler
materials such as lime, silica, fly ash, and sand. The porous nature of the poly-
urethane minimizes transfer limitations to substrates and supports the growth of
bacteria more efficiently than other filling materials, enabling an accumulation of
calcite in deeper areas of the crack. No differences could be observed between the
overall performances of free or polyurethane-immobilized cells in the deposition
of carbonate. As an extension to their research on biodeposition on cementitious
materials, De Muynck et al. (2008a, b) further investigated the use of bacterially
induced carbonate deposition for the repair of concrete cracks. Bacteria were

336 P. Li and W. Qu



immobilized with a silica sol to protect B. sphaericus from the alkaline pH con-
ditions. Upon the addition of a salt, a bioceramic material (biocer) was formed,
which was able to bridge the crack. Subsequent addition of a urea and calcium
chloride solution resulted in the deposition of carbonate crystals inside the pores of
the biocer and concomitantly sealing of the crack. As a result, a decrease in the
water permeability, similar to that obtained with traditional epoxy injections, was
observed. Cracks filled with a mixture of S. pasteurii and sand showed a significant
increase in compressive strength and stiffness, compared to cracks without cells.
Microscopy confirmed the presence of calcite crystals and cells near the surface of
the cracks. Ramachandran et al. (2001) studied the effect of microbiological calcite
deposition of cracks of various depths on the compressive strength values in
Portland cement mortar cubes and found an increase of the strength in the presence
of B. pasteurii in the cubes prepared with the deepest cracks (25.4 mm), whose
microbial remediation increased the compressive strength by approximately 61 %
of that of the control concrete. Recently, Qian et al. (2010a) reported that the
compressive strength of the treated specimens could be restored to 84 % and
demonstrated that this biorestoration method is effective in repairing surface
defects of cementitious materials. Sand particle surfaces were covered by CaCO3

deposition which could cement loose sand and supply conjunction between indi-
vidual particles. SEM results indicated that CaCO3 crystals were precipitated on
crack surface, whereas sand was consolidated and cemented by CaCO3 crystals
resulting in compressive strength recovery.

Some form of enhanced crack repair might be obtained through biodeposition
treatment with B. sphaericus culture, which is incorporated in a gel matrix and a
calcium source is provided, and silica gel was used to protect the bacteria against
the high pH in concrete. Protection of the bacteria by means of this gel matrix
seemed to be effective as CaCO3 crystals were precipitated inside the matrix which
was not the case if only bacteria were used, without immobilization in the silica
gel (see Fig. 15.1). Crack sealing by means of this biological treatment resulted in
a decrease in water permeability. However, it was seen that the decrease in water
flow was also obtained if autoclaved bacteria were used instead of active bacteria.
This corroborates that the greater part of the decrease in water permeability is
attributed to crack filling by the sol–gel matrix. TGA analysis on the crack repair
material showed only in the case of active bacteria the presence of CaCO3 crystals.
Precipitation of these crystals inside the gel matrix may enhance the durability of
this repair material. Efficiency of this biological treatment was also evaluated by
means of ultrasonic transmission measurements and visual examination. Crack
treatment with B. sphaericus, immobilized in silica gel, resulted in an increase in
ultrasonic pulse velocity, indicating that crack bridging was obtained. Visual
examination of the cracks proved that this technique resulted in complete filling of
the cracks. The use of this biological repair technique is highly desirable because
the mineral precipitation induced as a result of microbial activities is pollution-free
and natural. However, further experiments have to be done to examine the dura-
bility of this crack repair technique (Van Tittelboom et al. 2010). In Fig. 15.1,
some top views of the specimens and some cross-sections of the treated cracks are
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shown. The top views were taken from realistic cracks after the specimens were
subjected to the water permeability test. Cross-sections were obtained by sawing
samples with repaired standardized cracks after ultrasonic measurements were
taken. Figure 15.1a shows a non-treated crack. At both crack faces, crystal
deposition can be observed, showing that the untreated specimens had undergone a
certain extent of autogenous healing during the water permeability test. For the
specimens with treated cracks, no crystals were observed after performance of the
water permeability test. This can be explained as follows: for the untreated sam-
ples, the water flow was so fast that the upper compartment, of the test setup,
became completely empty between two successive readings. This brought the
concrete surface into contact with the atmosphere and led to carbonation of
Ca(OH)2 into CaCO3 crystals. In Fig. 15.1b, a crack treated with BS + CaCl2 is
shown. No CaCO3 crystals were detected by means of the microscope used,
probably, because bacteria were not protected against the high pH in concrete.
However, when the bacteria are immobilized in sol–gel, complete filling of the
cracks occurs as shown in Fig. 15.1c. Figure 15.1d, e shows a cross-section of a
standard crack filled with grout and epoxy, respectively. Cement grout only covers
the surface of the samples and does not fill the cracks because of the big grain size
of the grout. Epoxy treatment, by contrast, resulted in complete filling of cracks of
both 10 and 20 mm deep. Treatment with only sol–gel or with sol–
gel + BS + CaCl2 resulted in cracking of the gel matrix as shown in Fig. 15.1g,
h. When the gel hardens, it shrinks and this gives rise to cracking. Samples treated
with BS in sol–gel + CaCl2 or Ca(NO3)2 or Ca (CH3COO)2 were placed in a
urea–calcium solution immediately after filling of the cracks with silica gel and
bacteria. During immersion, bacteria started to precipitate CaCO3 resulting in a
compete filling of the cracks (see Fig. 15.1c). However, complete filling was only
feasible for 10-mm deep cracks (see Fig. 15.1f). As shown in Fig. 15.1i, these
treatments were not able to fill 20-mm deep cracks. This was also observed from
the ultrasonic measurements. The 10-mm deep cracks treated with BS in sol–
gel + CaCl2 or Ca(NO3)2 or Ca(CH3COO)2 performed almost as good as cracks
treated with epoxy, which was no longer the case for 20-mm deep cracks, which
were only completely filled when epoxy was used.

Microbe cement as a biogrouting could consolidate loose particles to improve
mechanical properties. Microbe cement has drawn much attention because of the
ever increasing awareness of environmental protection. This paper confirms the
feasibility of binding loose sand particles using microbe cement and details the
cementation mechanism of microbe cement. In addition, the microstructure and
properties of representative bio-sandstones have been analyzed by X-ray computed
tomography (XRCT), scanning electron microscopy (SEM), and mercury intrusion
porosimetry (MIP). The experimental results indicate that the compressive strength
of bio-sandstone could be up to 6.1 MPa and the bottom region microstructure in
bio-sandstone is denser and less fragile than the top region due to more calcite
precipitated in the former one (Rong et al. 2012). Kim et al. (2013) placed the
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emphasis of the studies on the comparison of the characteristics of calcium car-
bonate precipitation on concrete by two types of ureolytic bacteria, S. pasteurii and
B. sphaericus. The present treatment methods can also be applied on horizontal
and vertical surfaces. Both the normal and lightweight concrete specimens treated
by the medium with B. sphaericus showed the lowest weight increases per unit
area. It was considered that the denseness of the calcium carbonate crystals of the
medium with B. sphaericus was higher than that of the cases with other treatments
(Kim et al. 2013).

Fig. 15.1 Top view of an untreated crack (a), crack repaired with BS + CaCl2 (b) or BS in sol–
gel + Ca(CH3COO)2 (c), cross-section of cracks repaired with grout (d), epoxy (e), sol–gel (g),
Sol–gel + BS + CaCl2 (h) and cross-section of the tip of a 10 mm (f) and 20 mm (i) deep crack
repaired with BS in sol–gel + Ca(CH3COO)2 (upper surface of sample is indicated with an
arrow) (Van Tittelboom et al. 2010)
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15.3.2 Influence on CO2, Cl2, H2O Penetrativity of Concrete
by Biodeposition

An important measure to protect concrete against damage is diminishing penetr-
ativity. Surface treatments play an important role in limiting the infiltration of
water and consequently of detrimental components into concrete. In the market,
lots of organic and inorganic products are available for surface protection of
concrete, such as a variety of coatings, water repellents, and pores blockers.
Penetrativity controls the ingress of moisture, ionic and gaseous species into
concrete; accordingly, the durability of concrete depends on the permeation
properties of concrete surface. As the permeation of concrete decreases, its
durability performance resisting physicochemical corrosion increases. Nowadays a
broad range of organic and inorganic products is applied to the protection of
concrete surfaces, such as a variety of coatings, water repellents, and pore
blockers. These conventional surface treatments show, however, beside their pro
influences also a number of disadvantageous aspects, e.g., different thermal
expansion coefficient of the treated layers, degradation over time and the need for
constant maintenance, and environmental pollution. There are some conventional
techniques available to improve impermeability to enhance the durability of
building materials. Chemical admixtures such as plasticizers, superplasticisers, and
water reducing agents help to improve the workability by reducing the inter-
granular friction ultimately affecting the porosity and distribution of pores.
However, these conventional methods of protection have a number of disadvan-
tages, such as (1) an incompatibility of the protective layer and the underlying
layer due to differences in their thermal expansion coefficient; (2) disintegration of
the protective layer over time; and (3) a need for constant maintenance by a
treatment that is reversible and repeatable. Such chemical treatments commonly
result in the formation of incompatible and often harmful surface films. Addi-
tionally, because large quantities of chemical solvents are used, they contribute to
pollution (Camaiti et al. 1988; Rodriguez-Navarro et al. 2003) and also such
techniques are not long lasting.

Shortcomings have drawn the attention to alternative techniques to reduce
permeation properties for the improvement of the durability of concrete. Tiano
(1995) proposed the use of organic matrix macromolecules extracted from Mytilus
californianus shells to induce the deposition of calcium carbonate within the pores
of the stone. The organic matrix was shown to produce a more relevant and
durable carbonate deposition compared to the single use of calcium chloride or
hydroxide. This deposition resulted in a slight decrease in porosity and water
absorption by capillarity. Tiano et al. (1999) also observed a reduction of about
60 % from the limestone samples treated with biodeposition. Le Metayer-Levrel
et al. (1999) studied the bacterial carbonatogenesis for the protection and regen-
eration of limestone in buildings, monuments, and statues. The biodeposition of
protective surface on the stone was confirmed to reduce its permeability for gas
without affecting its esthetic appearance. They further state that biodeposition
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layer material is remarkably similar to the limestone substrate. Moreover, biode-
position follows the same natural process that formed many limestones. Finally,
they concluded that bacterial mortars or cement could be used to affix small pieces
broken from statues and to fill small cavities on limestone surfaces. Nemati and
Voordouw (2003) noticed a decrease in the permeability of sandstone cores after
injecting CaCO3 forming reactants. Dick et al. (2006) studied such deposition on
degraded limestone by Bacillus species. They concluded that such deposition
reduces the water absorption rate of limestone. They studied the capillary water
absorption and absorption under vacuum. A decrease in the ability to absorb water
will result in a deceleration of the weathering process. The positive results of
carbonate deposition on the sandstone and limestone attracted many researchers to
apply this technique on mortar and concrete to reduce permeability. Microbial
carbonate deposition (biodeposition) has also been reported to decrease the per-
meation properties of mortar and concrete. De Muynck et al. (2008a, b) investi-
gated the effects of biodeposition on the permeability of concrete and mortar. To
determine the increase in resistance toward water penetration, they carried out a
sorptivity test. They coated the mortar specimens with Bacillus sphaericus, oven
dried then dipped into 10 ± 1 mm of water. They found that the presence of only
bacteria resulted in a significant decrease of the water uptake compared to
untreated specimens (a reduction of 45, 43, and 24 % with increasing w/c). When
a calcium source was added to the medium an additional significant decrease of the
water absorption coefficient was noticed. They also studied the durability of the
treated surface by measuring the resistance to carbonation and chloride ingress, as
chloride ions are one of the corrosion-causing agents. They obtained a 19 %
decrease of the chloride migration coefficient, by biotreatment, compared to
untreated cubes. The addition of bacterial biomass resulted in a significant smaller
carbonation rate compared to untreated cubes. The deposition of a layer of calcium
carbonate induced by Bacillus sphaericus on the surface of the mortar specimens
resulted in a decrease of water absorption and gas permeability (De Muynck et al.
2008a, b). The biodeposition treatment on the surface of concrete materials should
be regarded as a coating system. This could be attributed to the fact that the
carbonate deposition was mainly a surface phenomenon due to the limited pene-
tration of the bacteria in the porous matrix. Ramakrishnan et al. (1998) investi-
gated the effect of this technique on the durability of concrete. The presence of
bacteria was observed to increase the resistance of concrete toward alkali, sulfate,
and freeze thaw attack and drying shrinkage; the effect being more pronounced
with increasing concentrations of bacterial cells. The authors attributed this to the
presence of a calcite layer on the surface, as confirmed by XRD analysis, lowering
the permeability of the specimens. Recently, Achal et al. (2011a, b, c) reported that
the mortar cubes treated with Bacillus sp. a layer of biodeposition crystals on the
surface of the mortar resulted in a decrease of the permeation properties. As a
consequence, the ingress of harmful substances may be limited. From these
reports, it is clear that the presence of a layer of carbonate crystals on the surface
has the potential to improve the resistance of concrete materials toward degra-
dation processes. Biodeposition treatment was similar as conventional treatments.
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Promising results of techniques based on microbial mineralization have lead to
several investigations on the use of bacteria in concrete. Alkali-resistant spore-
forming bacteria represent promising candidates for application in concrete and
probably other cement-based materials. The controlled use of bacteria offers new
approaches for conservators to help preserve, protect, and restore building
materials.

Permeability of concrete is believed to be the most important characteristic of
concrete that affects its durability. The principal result of the intrusion of chloride
(i.e., salt water) into concrete is the corrosion of the reinforcing steel. Once this
occurs, the structure will no longer maintain its structural integrity; the lifespan is
reduced, and the general safety of the public is severely degraded. It is increasingly
apparent that for many concrete members, the ability of the concrete to resist
chloride penetration is an essential factor in determining its successful perfor-
mance over an extended period. The decrease in gas permeability due to the
biodeposition treatments resulted in an increased resistance toward carbonation
(Siddique and Kaur Chahal 2011).

Sorptivity coefficient K for different grades of mortar applied with different
types of surface treatments helped to determine the increase in resistance toward
the water penetration which is best depicted (Fig. 15.2a). So, absorption of bac-
teria and precipitation of carbonate crystals resulted in weight increase of the
mortar specimens. So, absorption of biodeposition resulted in weight increase of
the mortar specimens. The most pronounced reduction in water absorption com-
pared to untreated samples was reached for the most porous mixture w/c (0.6) and
where urea, nutrient broth, and external calcium source were provided, the most of
water absorbed by the mortar samples after 2 h was the decreased by factor 5
(Fig. 15.2b). Except for the water repellents, similar tendencies were observed
between the gas permeability and carbonation rate results. The rate of carbonation
and the performance of the surface treatment were correlated with the water–
cement ratio. Carbonation was shown to be related to the nature and connectivity
of the pores, with larger pores giving rise to higher carbonation depths. Significant
differences in carbonation depth between treated and untreated specimens were
already noticeable after 2 weeks of accelerated carbonation. The protective effect
of the biodeposition treatment toward carbonation could be improved by additional
treatments with bacteria and a calcium source or an increased concentration of
calcium ions. Film forming coatings and sealants to be effective against carbon-
ation, the thickness of the treatment should be at least 200 lm (Basheer et al.
2001). The mean thickness of deposition layer was about 30–50 lm; nevertheless,
an improved resistance toward carbonation was already noticed in Fig. 15.2c.

Resistance toward chloride penetration of biodeposition treated samples was
measured with the use of an accelerated migration test, chloride migration coeffi-
cient. The increased resistance toward the migration of chlorides of cubes treated
with biodeposition was similar to that of the acrylic coating and the water repellent
silanes and silicones and larger than in the case of the silanes/siloxanes mixture,
which were all reported to be effective in decreasing the rate of reinforcement
corrosion (Fig. 15.2d). Based on the studied properties, the conventional methods
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protect concrete from degradation proves to be the advantageous property. Bio-
deposition appears to be a promising technique. The effect tests of the ureolytic
bacteria (Sporosarcina pasteurii) on the compressive strength, water absorption,
and rapid chloride permeability of concrete made with silica fume were performed
at the age of 28 and 91 days. Test results indicated that inclusion of S. pasteurii in
concrete enhanced the compressive strength, reduced the porosity and permeability
of the concrete. Maximum increase of 38.2 and 44 MPa in compressive strength at
28 and 91 days was observed. Moreover, reduction in water absorption was
observed with 105 cells/ml of bacteria. This improvement in compressive strength
was possibly due to deposition on the bacteria cell surfaces within the pores.
Scanning electron microscopy revealed the direct involvement of S. pasteurii in
calcium carbonate precipitation which was further confirmed by XRD. Due to
calcite deposition in concrete, it was observed that reduction in chloride perme-
ability of concrete occurred (Chahal et al. 2012). Grabiec et al. (2012) explored
surface modification of recycled aggregate concrete using biodeposition involving
a method employing Sporosarcina pasteurii (Bacillus pasteurii) bacteria. It was
possible to obtain reduction in water absorption of aggregate; the effect was more
visible in case of finer fractions and for aggregates originating from inferior quality
concrete. Calcium chloride was used for precipitation of calcium carbonate, while

Fig. 15.2 Effect on different grades of mortar applied with different types of surface treatments.
(De Muynck et al. 2008b; Siddique and Kaur Chahal 2011). a Sorptivity coefficients, k. b The rate
of water absorption versus time for w/c 0.6. c Carbonation rate constants, K. d Chloride migration
coefficients, Dnssm
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culture medium consisting of beef extract, peptone, and urea was used for culti-
vation of bacteria. Whey, ecologically dangerous byproduct from dairy industry,
was found to be effective as a culture medium. The presence of calcium carbonate
crystals covering aggregate grains was confirmed by observations under scanning
electron microscope. Chahal and Siddique (2013) discussed that biodeposition had
influence on permeation properties of fly ash and silica fume concrete. The bacteria
(S. pasteurii) present in the concrete rapidly sealed freshly formed cracks through
calcite production. The bacterial concentrations were optimized to 103, 105, and
107 cells/ml. In concrete mix, cement was replaced with fly ash and silica fume.
The percentage replacement of fly ash and silica fume was by weight of cement.
The percentage use of fly ash was 0, 10, 20, and 30 %, and that silica fume was 0, 5,
and 10 %. The experiments were carried out to evaluate the effect of S. pasteurii on
the compressive strength, water absorption, water porosity, and rapid chloride
permeability of concrete made with fly ash and silica fume up to the age 91 days.
The test results indicated that inclusion of S. pasteurii enhanced the compressive
strength, reduced the porosity and permeability of the concrete with fly ash and
silica fume. The improvement in compressive strength was due to deposition on the
bacteria cell surfaces within the pores which was scanned by electron microscopy
and confirmed by XRD which revealed calcium carbonate precipitation. This
precipitation reduced the chloride permeability in concrete with fly ash and silica
fume. The bacteria improve the permeability of concrete by improving its pore
structure and thereby enhancing the life of concrete structures.

15.3.3 Influence on Strength of Concrete by Biodeposition

The compressive strength of the concrete is considered as an index to assess the
overall quality of concrete, generally an improvement in the compressive strength
results in improvement of all other properties. Bacterial induced carbonates as a
binder material, i.e., biocementation, have been added to concrete for the
improvement of compressive strength. Several studies have shown that biodepo-
sition can be used to improve the compressive strength of mortar (Bang et al. 2001;
Ghosh et al. 2005; Achal et al. 2009, 2011a, b, c; Park et al. 2010) where bacteria,
salinity, and composition of the synthetic medium have also been applied in the
concrete mixture. According to Ramachandran et al. (2001), the use of bacteria in
concrete remediation was considered unorthodox. Biodeposition is highly desir-
able because the biodeposition carbonate crystal is pollution-free, natural, and eco-
friendly. Ramachandran et al. (2001) investigated the use of microbiologically
induced mineral deposition for the improvement of the compressive strength of
Portland cement mortar cubes at the age of 7 and 28 days. They used live and
killed cells of different concentrations of Bacillus pasteurii and found that the live
cells, at lower concentrations, increase the compressive strength of cement mortar
with a longer incubation period. The overall increase of strength, therefore,
resulted from the presence of an adequate amount of organic substances in the
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matrix due to the microbial biomass. To achieve greatest improvement in the
compressive strength, cell concentrations/microbial doses need to be optimized.
They concluded that biodeposition enhanced the compressive strength of cement
mortar cubes. Biodeposition has unique features and performance that have
encouraged innovative high-performance composite applications in construction
materials. The application of biodeposition in concrete is a potential field for
further research efforts. Compressive strength of concrete with B. pasteurii as
microbes had marginal (5–10 %) increase in strength (in case of BU and BP
bacterial suspended in urea–CaCl2, bacteria suspended in phosphate buffer when
conc. with BW (Bacteria suspended in water) had marginal decrease in strength
(10 %) when compared to controlled concrete samples. Park et al. (2010) used
four different species of calcite-forming bacteria (Sporosarcina soli, Bacillus
massiliensis, Arthrobacter crystallopoietes, and Lysinibacillus fusiformis) for
compressive strength improvement in mortar. The 28-day strength test for con-
solidated mortar showed that the cube treated with Arthrobacter crystallopoietes
had the greatest improvement in compressive strength, and the observed change in
compressive strength from 7 to 28 days was 22 %. Ghosh et al. (2005) demon-
strated the positive effect of biodeposition on the compressive strength of mortar
specimens. They found that the strength of mortar cubes increased at all levels of
anaerobic microbe addition. For these samples, the presence of a fibrous material
inside the pores could be noticed. As a result, a modification of the pore size
distribution was observed. The positive effect of biodeposition improved with
increasing curing times. The greatest improvement in compressive strength was
reported to occur at cell concentrations of 105 cells/ml for all ages (3, 7, 14, and
28 days). For a concentration of 105 cells/ml, an increase of the compressive
strength of 17 and 25 % was observed after 7 and 28 days, respectively. However,
no increase of the compressive strength was observed with additions of
Escherichia coli (non-urease-producing microbe) to the mortar mixture. This led
the authors to suggest that the choice of the bacteria plays an important role in the
improvement of the compressive strength. Jonkers and Schlangen (2007) inves-
tigated that the addition of a high number of bacterial spores (108/cm 3) by spore-
forming bacteria (Bacillus pseudofirmus and Bacillus cohnii) resulted in 10 %
increase of strength. Achal et al. (2009) showed that nutrients to grow bacteria also
play an important role when used with construction materials. To economize the
overall process, they replaced standard nutrient with some industrial byproducts
such as lactose mother liquor (LML) and corn steep liquor (CSL). They used
Sporosarcina pasteurii in mortar cubes with LML medium and found 17 %
improvement in compressive strength at 28 days (26.3 MPa) compared to control
(23.2 MPa). There was no significant difference when LML medium was replaced
by standard nutrient medium. Further, medium containing CSL resulted in sig-
nificantly higher compressive strength even when compared with commercially
available medium. All the reports suggest significant increase in the compressive
strength at the age of 28 days compared to early ages (3 and 7 days). The overall
trend of an increase in compressive strength up to 28 days might be attributed to
the behavior of microbial cells within the cement mortar matrix. During the initial
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curing period, microbial cells obtained good nourishment, because the cement
mortar was still porous; but growth might not be proper due to the completely new
environment for microbes (Achal et al. 2011a, b, c). It may also be possible that as
the pH of the cement remained high, cells were in inactive condition and as curing
period was increased, it started growing slowly. Upon cell growth, calcite would
have precipitated on the cell surface as well as within the cement mortar matrix.
Once many of the pores in the matrix were plugged, the flow of the nutrients and
oxygen to the bacterial cells stopped, eventually the cells either died or turned into
endospores and acted as an organic fiber, that may enhance the compressive
strength of the mortar cubes (Ramachandran et al. 2001). Despite the importance
of urease-producing bacteria in remediation of cracks and fissures toward
enhancement in the durability of building structures, very few bacteria have been
exploited. Bacteria inhabit all possible locations including extremes and exhibit
growth and reproduction in such environments. There is a need to explore extreme
alkaline environments to isolate indigenous bacteria that can survive in concrete
structures for effective biodeposition.

Recently, Achal et al. (2011a, b, c) isolated bacteria from cement, Bacillus sp.
CT-5 and used to study compressive strength. They reported 36 % increase in
compressive strength of cement mortar with the addition of bacterial cells. Further,
it has suggested that due to the ability to tolerate high pH, Bacillus sp. CT-5
enhanced the compressive strength of cement mortar cubes significantly. To
determine whether the increase in compressive strength of the specimens prepared
with bacteria could be attributed to the microbial calcite deposition, biodeposition
was quantified by X-ray diffraction (XRD) analysis and visualized by SEM (De
Muynck et al. 2008a, b; Achal et al. 2009, 2011a, b, c)

From these findings, it can be concluded that compressive strength of cement
mortar increases with an addition of urease-producing microbes such as Bacillus,
Shewanella, and Arthrobacter species. This improvement in compressive strength
might be due to deposition on the microorganism cell surfaces and within the pores
of cement–sand matrix, which plug the pores within the mortar as a result of
biodeposition (Ramakrishnan et al. 1998). The strength of the bacteria modified
mortar increases due to the deposition of the new material gehlenite by the bac-
terial activity, which in turn increases mainly the uniformity of SiO2 concentration
of the mortar. The high Ca/Si ratio at 105 cells/ml corresponds to the optimum
strength of bacteria modified mortar at such cell concentration. Also the protein
secreted by the bacterium leaches silica and helps in formation of new silicate
phases that fill the micropores. This protein increases the strength of mortar when
it is added separately (Ghosh et al. 2009). Pei et al. (2013) explored the role of
bacterial cell walls of Bacillus subtilis as a concrete admixture to improve the
mechanical performance of concrete. The bacterial cell walls are known to
mediate microbialy induced carbonate precipitation, a process in which CaCO3 is
formed from Ca2 + ions and dissolved CO2. Consistent with such knowledge,
incorporation of bacterial cell walls increased carbonation of Ca(OH)2 and for-
mation of CaCO3 in concrete. Furthermore, the bacterial cell walls significantly
increased compressive strengths of concrete by 15 % while also decreased
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porosity at 28 days of curing. Assay for CaCO3 precipitation in vitro indicated that
bacterial cell walls, but not dead cells, accelerated carbonation of Ca2 + ions in
Ca(OH)2 solution. Since CaCO3 formed can fill up the void, decrease the porosity
and increase the compressive strength in concrete, bacterial cell walls could act as
a promising concrete admixture with benefits in enhancing mechanical perfor-
mance and improving other carbonation-related properties (Pei et al. 2013).

15.3.4 Improvement in the Durability of Concrete or Mortar
Surface Treatment by Biodeposition

Nowadays, performance-based durability criteria have drawn the attention in
specifications for building materials. A major goal of any performance-based
specification is to ensure the durability of building materials and structures.
Durability is regarded as the ability of the materials and structure to perform
satisfactorily with minimum maintenance over the anticipated service life. The
quality of any building material depends on three major parameters, such as (i)
compressive strength, (ii) permeability, and (iii) corrosion. For an efficient bac-
terial concrete, it should produce more compressive strength, less permeability and
should not cause corrosion of any reinforcement. To improve the durability of
concrete structures, engineers started using mineral additives in the form of waste
materials from industries such as fly ash, ground granulated blast furnace slag. In
spite of so much development in the ingredients of concrete final product, concrete
was not adapt well to environment and has the ability of self-healing. Most of these
additives were passive in nature. More research and development is required to
take some measures to enhance the resistance of permeability, ingress of chloride
and carbonation to protect the reinforcing material added in concrete from dete-
rioration. Several tests are available to the engineer for diagnosing the condition of
the concrete. The alkalinity of the concrete at the surface and at various depths
down to the position of the reinforcement will give an indication of how much and
how soon the reinforcement may be at risk. This is known as the depth of the
carbonation front. The presence of chlorides can be determined, again at varying
depths. The permeability of the concrete will give an indication of its susceptibility
to absorption of air and water. Particularly cracking of the surface layer of concrete
reduces material durability as ingress water and detrimental chemicals cause a
range of matrix degradation processes as well as corrosion of the embedded steel
reinforcement (Neville 1996). Durability problems such as crack formation are
typically tackled by manual inspection and repair, i.e., by impregnation of cracks
with cement or epoxy-based or other synthetic fillers (Neville 1996). There are so
many synthetic agents or latex binding agents (such as acrylic, polyvinyl acetate,
butadiene styrene) which are used to avoid any kind of fractures and fissures in the
concrete structures or used in repair applications such as the bonding of fresh
concrete, sprayed concrete, or sand/cement repair mortar to hardened concrete.
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There is reluctance by some repair product manufacturers to adequately address
the problem, with a very limited range of appearances available from their
materials in different countries. There is a propensity for specifiers to recommend
overcoating of the whole building, such as with a high-build acrylic paint in order
to achieve a uniform appearance, which is also easily matched in future if further
repairs become necessary.

As a general rule, these traditional repair systems have a number of disad-
vantageous aspects such as different thermal expansion coefficient compared to
concrete, weak bonding, disappearance, environmental and health hazards, and
even costly. Therefore, many researchers proposed biodeposition as an alternative
and eco-friendly technique to enhance the durability of building materials and
structures. So far, most of studies have focused on improvement in the durability
of concrete or mortar surface treatment by biodeposition (Reddy, et al. 2012). De
Muynck et al. (2008a, b) compared the durability (concerning capillary water
uptake and gas permeability) of concrete when its surface was treated with pure
and mixed cultures of ureolytic bacteria. They concluded that the type of bacterial
culture and the medium composition had a profound impact on CaCO3 crystal
morphology, being that the use of pure cultures resulted in a more pronounced
decrease in the uptake of water. They also concluded that the durability perfor-
mance obtained with cultures of the species B. sphaericus was comparable to the
ones obtained with conventional water repellents (silanes, siloxanes). De Muynck
et al. (2008a, b) studied different durability parameters (carbonation, chloride
penetration, and freezing and thawing) confirming that the biodeposition treatment
showed a similar protection toward degradation processes when compared to some
of the conventional surface treatments under investigation. They also mention the
need for investigations regarding the durability of the treatment under acidic
media. They further mentioned that biological generated calcite is less soluble than
the one inorganically precipitated, thus suggesting a higher performance. Achal
et al. (2011a, b, c) mention a six times reduction in water absorption due to the
microbial calcite deposition. In a different study, Achal used a phenotypic mutant
of S. pasteurii (BpM-3) with improved urease activity also reporting a significant
reduction in water absorption, permeability, and chloride permeability. Okwadha
and Li (2011) used bacterium S. pasteurii strain ATCC 11859 to create a bio-
sealant on a PCB-contaminated concrete surface reporting a reduction on water
permeability by 1–5 orders of magnitude. They also state that the treated concrete
had a high resistance to carbonation. Li and Qu (2012) confirm that bacterially
mediated carbonate precipitation on concrete surface reduces capillary water
uptake, leading to the carbonation rate constant to be decreased by 25–40 %. Bio-
materials can lead concrete to a more sustainable in civil engineering. Much
research has drawn the attention in the field of concrete surface treatments by
biodeposition; however, it is still far from being a proved and reliable technique
capable of replacing current common concrete surface treatments based on organic
polymers sealers. Biodeposition helps to fill micropores and cracks, thus reducing
its permeability. However, the highly alkaline pH of concrete reduces the activities
of the bacteria. To overcome this problem, different authors have suggested the use
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of different immobilization technology (clay capsules, silica gel, or polyurethane
encapsulation). The use of bacteria in concrete mix also needs further research
efforts. Results from practical applications in which there is exposure to envi-
ronmental conditions are still needed in order to confirm the importance of this
new approach (Pacheco-Torgal and Labrincha 2013).

Microbially induced calcium carbonate precipitation is a naturally occurring
biological process that has various applications in remediation and restoration of
range of building materials. In the present study, the role of bacteria Bacillus sp. on
the durability properties and remediation of cracks in cementitious structures were
studied. Biocement induced by a Bacillus sp. lead to more than 50 % reduction in
the porosity of mortar specimens, while chloride permeability of concrete changed
from moderate to very low as indicated by rapid chloride permeability test. The
bacteria successfully healed the simulated cracks of depths including 27.2 mm in
cement mortars with increase in the compressive strength as high as 40 % of that
of control. The results clearly showed that microbially induced calcium carbonate
precipitation can be applied for various building materials for remediation of
cracks and enhancement of durability (Achal et al. 2013).

15.4 Bacterial Self-healing Concrete

Besides external application of bacteria in the case of remediation of cracks,
bacteria have also been applied in the concrete mixture. Until now, research has
mainly focused on the consequences of this addition on the material properties of
concrete, i.e., strength and durability. Both properties depend on the microstruc-
ture of the concrete. However, the effects of the presence of the bacteria and/or
biodeposition on the microstructure still need to be elucidated, especially the
interaction between the biomass and the cement matrix. Ramachandran et al.
(2001) investigated the use of microbiologically induced mineral deposition for the
improvement of the compressive strength of Portland cement mortar cubes. This
study identified the effect of the buffer solution and type and amount of S. pasteurii
and P. aeruginosa used. Furthermore, in order to study the effect of the biomass,
the influence of both living and dead cells was investigated. Before addition to the
mortar mixture, bacteria were centrifuged and washed twice. The final pellets were
then suspended in either saline or phosphate buffer, which was subsequently added
to the mixture. After demolding, the mortar specimens were stored in a solution
containing urea and calcium chloride for 7 days. Subsequently, the specimens
were cured in air until the measurement of the compressive strength. At lower
concentrations, the presence of S. pasteurii was shown to increase the compressive
strength of mortar cubes. While the 28-day compressive strength of the control
cubes amounted to about 55 ± 1 MPa, specimens treated with 103 cells cm-3 had
a compressive strength of about 65 ± 1 MPa. The contribution of P. aeruginosa to
the strength was found to be insignificant. From the X-ray diffraction (XRD)
analysis, no significant increased amounts of calcite could be found in mortar
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specimens treated with bacteria. This could be attributed to the inhibition of the
bacteria by the high pH and the lack of oxygen inside the mortar mixture. The
overall increase of strength, therefore, resulted from the presence of an adequate
amount of organic substances in the matrix due to the microbial biomass. How-
ever, an increase of the biomass, as dead cells in particular, resulted in a decreased
strength. According to the authors, this could be attributed to the disintegration of
the organic matter with time, making the matrix more porous (Ramachandran et al.
2001).

Ramakrishnan et al. (2001) investigated the effect of this technique on the
durability of concrete. The presence of bacteria was observed to increase the
resistance of concrete toward alkali, sulfate, freeze–thaw attack, and drying
shrinkage; the effect being more pronounced with increasing concentrations of
bacterial cells. The authors attributed this to the presence of a calcite layer on the
surface, as confirmed by XRD analysis, lowering the permeability of the speci-
mens. The best results were obtained with the phosphate buffer. Ghosh et al.
(2005) demonstrated the positive effect of the addition of Shewanella on the
compressive strength of mortar specimens. Contrary to the aforementioned
research, these authors did not intend mineral deposition, as these specimens were
cured in air and not in a nutrient containing medium. An increase of 25 % of the
28 days compressive strength was obtained for a cell concentration of about
105 cells mL-1 and a water to cement ratio of 0.4. For these samples, the presence
of a fibrous material inside the pores could be noticed. As a result, a modification
of the pore size distribution was observed. The positive effect of the addition of
Shewanella improved with increasing curing times. For a concentration of
105 cells mL-1, an increase of the compressive strength of 17 and 25 % was
observed after 7 and 28 days, respectively. However, no increase of the com-
pressive strength was observed with additions of Escherichia coli to the mortar
mixture. This led the authors to suggest that the choice of the microorganism plays
an important role in the improvement of the compressive strength. More specifi-
cally, the production of EPS by the bacteria seemed to be of importance.

Figure 15.3 shows direct stereomicroscopic observation of cracks from control
and bacteria-based specimens before and after 100 days of immersion in tap water.
Width of completely healed cracks was significantly larger in bacteria-based
specimens (0.46 mm) compared to control specimens (0.18 mm).

Two-component biochemical self-healing agent, consisting of a mixture of
bacterial spores and calcium lactate, can be successfully applied to promote and
enhance the self-healing capacity of concrete as the maximum healable crack
width more than doubled. Moreover, oxygen measurements provided evidence that
concrete incorporating bacterial spores embedded in expanded clay particles and
derived active bacteria remain viable and functional several months after concrete
casting. The microbial enhanced crack-healing ability is presumably due to
combined direct and indirect calcium carbonate formation: (i) direct CaCO3 pre-
cipitation through metabolic conversion of calcium lactate and (ii) indirect for-
mation due to reaction of metabolically produced CO2 molecules with Ca(OH)2
minerals present in the concrete matrix leading to additional CaCO3 precipitation.
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In addition, as the metabolically active bacteria consume oxygen, the healing agent
may act as an oxygen diffusion barrier protecting the steel reinforcement against
corrosion. So far, bacteria have never been used to remove oxygen from the
concrete matrix to inhibit reinforcement corrosion, and further studies are needed
to quantify this potentially additional beneficial process. While in this study the
enhanced self-healing capacity of bacteria-based concrete has been quantified,
several other characteristics such as long-term (years) durability and cost effi-
ciency of this novel type of concrete need to be resolved before practical appli-
cation can be considered. Anticipated potential advantages of this bacteria-based
concrete are presumably primarily in reduction of maintenance and repair costs
and extension of the service life of concrete constructions (Wiktor and Jonkers
2011).

Bacteria and polyurethane (PU) prepolymer were applied internally (to heal
cracks from the inside). PU foam should form in the crack automatically when
cracking occurs and bacteria are incorporated inside the foam at the same time.
This study was to investigate the potential use of silica gel or polyurethane-
immobilized bacteria to bring about self-healing concrete. Bacteria can still con-
serve ureolytic activity and carbonatogenesis activity after being immobilized into
silica gel and polyurethane foam. TGA results proved the formation of

Fig. 15.3 a Stereomicroscopic images of crack-healing process in control mortar specimen
before and b in biochemical agent-based specimen before, and c after 100 days healing, and
d after 100 days healing (Wiktor and Jonkers 2011)
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biodeposition in a mimic self-healing process which indicated the great potential
use of immobilized bacteria in self-healing concrete cracks. More self-healing
efficiency (higher strength regain and more pronounced decrease of water per-
meability) was obtained from the specimens with incorporated polyurethane-
immobilized bacteria. Therefore, it is promising to use polyurethane-immobilized
bacteria to self-heal early concrete microcracks. Further research is needed to
increase the amount of biodeposition to obtain more self-healing (Wang et al.
2012a, b).

Figure 15.4 shows the scanning electron micrograph of CaCO3 precipitation
(indicated by the black arrow) in silica gel and PU foam. It can be seen that the
CaCO3 particles from silica gel-immobilized bacteria had a regular cubic shape,
and the size was about 100 lm. CaCO3 in PU foam showed an irregular block
shape with a similar particle size (also about 100 lm). It can be seen from
Fig. 15.4a, c that CaCO3 particles were distributed more homogenously in silica
gel than in PU foam. The reason is that polyurethane prepolymer is more viscous
than silica sol (a state before gel). So it is easier for bacteria to distribute homo-
geneously in silica sol than in polyurethane before silica sol became gel or
polyurethane foam formed.

Microcapsules were applied to encapsulate bacterial spores for self-healing
concrete. The viability of encapsulated spores and the influence of microcapsules
on mortar specimens were investigated first. Breakage of the microcapsules upon
cracking was verified by scanning electron microscopy. Self-healing capacity was
evaluated by crack-healing ratio and the water permeability. The results indicated
that the healing ratio in the specimens with biomicrocapsules was higher
(48–80 %) than in those without bacteria (18–50 %). The maximum crack width
healed in the specimens of the bacteria series was 970 lm, about 4 times that of
the non-bacteria series (max 250 lm). The overall water permeability in the
bacteria series was about 10 times lower than that in non-bacteria series. Wet–dry
cycles were found to stimulate self-healing in mortar specimens with encapsulated
bacteria. No self-healing was observed in all specimens stored at 95 %RH, indi-
cating that the presence of liquid water is an essential component for self-healing
(Wang et al. 2014).

Mechanical properties, self-healing capacity, and bonding behavior of a sus-
tainable bio-based mortar repair system for concrete are discussed. Two different
mixes of strain-hardening cement-based composites (SHCC) have been used. The
bio-based agent added to the SHCC consists of both bacteria and food for the
bacteria. The metabolic activity of bacteria was monitored by oxygen profile
measurements, which reveals O2 consumption by bacteria-based samples, but not
by control samples. Biodeposition results in improved mechanical properties and
bonding strength of a concrete-compatible fiber-reinforced repair system. When
applied as a repair material the mortar with bio-based agent shows reduced
delamination from the concrete substrate compared to mortar without the bio-
based agent. Furthermore, after cracking and healing, the mixtures with bio-based
healing agent show a slightly better recovery of both flexural strength and
deflection capacity from control mixtures without bio-based healing agent.
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Although oxygen measurements indicate that bacteria were metabolically active in
the bio-based specimens, observed amounts of calcium carbonate precipitate did
not appear to substantially differ from control specimens. The reason for the
apparent uncoupling between metabolic activity and lack of enhanced calcium
carbonate precipitation can possibly be attributed to limited amounts of feed
applied and these remains to be clarified in pending studies (Guadalupe et al.
2014).

15.5 Conclusions

Some specific bacteria metabolic activities and deposition in concrete are
responsible to improve overall behaviors of concrete. Generally, it has been
hypothesized that almost all bacteria are capable of CaCO3 production because
precipitation occurs as a byproduct of common metabolic processes such as

Fig. 15.4 Scanning electron micrographs of CaCO3 precipitation in the silica gel and PU foam.
a CaCO3 in silica gel (100x), b CaCO3 in silica gel (1000x), c CaCO3 in PU foam (100x), and
d CaCO3 in PU foam (1000x) (Wang et al. 2012a)
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photosynthesis, sulfate reduction, and urea hydrolysis. Even the effect of bacteria
on various parameters in concrete proves to be beneficial development. Based on
the studied properties like compressive strength, permeability, water absorption,
chloride ingression, the microbial mineral precipitation appears to be a promising
technique at this state of development.

These promising results of surface treatment by biodeposition for the
improvement of the durability of concrete materials and structures have drawn the
attention of research groups all over the world. However, so far, no data have
described a sufficient degree toward enhancement in the durability of building
structures by biodeposition. Hence, a lot of research is still necessary before such
technology is ready for applications in civil engineering. Moreover, long-term
effect of biodeposition surface treatment is not yet reported. However, the
important parameter such as permeation properties was not dealt with. As bio-
deposition fills the subsurface pores, the extent of permeability reduction must be
studied in detail. The efficiency of biodeposition in resisting carbonation and
reduction in permeability to improve the corrosion resistance must be studied in
detail. Most of the studies based on biodeposition were conducted to evaluate
compressive strength, water absorption, and crack remediation of mortars and
concretes. The effects of biodeposition on reducing the corrosion rate of reinforced
concretes have not been studied in detail and needed to further research efforts.
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Chapter 16
A Case Study: Bacterial Surface
Treatment of Normal and Lightweight
Concrete

H.K. Kim and H.K. Lee

Abstract Bacterial surface treatments for concrete have become increasingly
popular due to their strong potential to improve the durability of concrete struc-
tures for practical usage. Compared to bacteria inoculated into the cement matrix,
it is easier to provide the proper environment for bacteria when the bacteria are
applied onto the surface of the concrete. Moreover, the bacterial surface treatment
method has a number of advantages in comparison with conventional surface
treatment methods using polymer-based coating materials, including water
repellents or pore-blockers. Three advantages are as follows: (1) a similar thermal
expansion property between the microbially precipitated calcium carbonate and
the concrete surface, (2) environmentally friendly characteristics, and (3) the
potential for self-healing. A surface treatment, especially for lightweight concrete,
is very important to ensure good durability, as the durability of lightweight con-
crete is generally lower than that of normal concrete. In the present chapter, a
previous work of the authors, a study of the bacterial surface treatment of normal
and lightweight concrete (Kim et al. 2013) is reviewed and summarized. The
surfaces of normal and lightweight concrete specimens were treated with a liquid
medium containing bacteria. Macro- and micrographic assessments were done to
analyze the shapes and distribution of the calcium carbonate crystals. The capillary
water absorption of the concrete specimens was measured to evaluate the effects of
the bacterial precipitation of calcium carbonate on the moisture transport prop-
erties, as these properties were thought to affect the durability of the concrete.
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16.1 Introduction

There has been considerable effort to apply special types of bacteria which produce
calcium carbonate particles in various fields of civil engineering (Bellucci et al.
1999; Ramachandran et al. 2001; Beklemishev and Kozliak 2003; de Graef et al.
2005; Phutane et al. 2007; Van Tittelboom et al. 2010). Among these efforts,
bacterial surface treatment for concrete has been of particular interest given its
strong potential to improve the durability of concrete structures (De Muynck et al.
2008a, b). By inoculating bacteria onto the surface of concrete, a thin and stable
layer of calcium carbonate crystals can be formed via the metabolism of the
bacteria. The layer of calcium carbonate crystals may diminish the uptake of water
or protect the concrete from chemical deterioration, leading to an improvement of
the durability of the concrete structures (Stocks-Fischer et al. 1999; De Muynck
et al. 2008a, b; Kim et al. 2013).

Compared to the application of bacteria inside the cement matrix, bacterial
surface treatment is also considered as a promising method for practical reasons.
Regarding this approach, it is relatively easy to supply nutrients, oxygen, and
water to the bacteria, as the bacteria are applied onto the surface of the concrete,
compared to when the bacteria are inoculated into the cement matrix (Ghosh et al.
2005, 2009; Qian et al. 2009; Jonkers et al. 2010; Chahal et al. 2012). Moreover,
the pH of concrete surfaces is generally neutral due to carbonation by CO2 gas in
the atmosphere, making the surface a suitable environment in which to survive,
whereas the pH of the inner part of concrete is too basic for the bacteria to survive
(Wiktor and Jonkers 2011).

Compared to conventional surface treatment methods using polymer-based
coating materials, including water repellents or pore-blockers, the bacterial surface
treatment method has a number of advantages. Most of all, the problem of the
delamination of polymer-based coating materials from the concrete surface is
mitigated (De Muynck et al. 2008a, b). The delamination of coating materials
stems from the different thermal expansion coefficients between the polymer and
the concrete (De Muynck et al. 2008b). However, calcium carbonate crystals
precipitated by bacteria have a thermal expansion coefficient similar to that of the
cement matrix (Kim et al. 2013). Moreover, the risk of environmental pollution
induced by polymer-based coating materials can be eliminated. For example,
Bisphenol A, one of the components resulting from the manufacturing of epoxy
resin, can act as an endocrine disruptor in the human body (Maffini et al. 2006;
Kimura et al. 1998). However, the bacteria used in concrete surface treatments
only have limited health effects, such as only isolated cases of mild eye and skin
irritation (US EPA 1998). In addition, the bacterial surface treatment may have
self-healing characteristics if the bacteria survive after they are supplied with
nutrients, whereas polymer-based coating materials become ineffective after
delamination from the concrete surface (c.f. Wiktor and Jonkers 2011).

In terms of energy and time consumption for surface treatments, there are no
significant differences between bacterial treatments and the use of a conventional
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polymer coating. For suitable hardening of an epoxy resin, the curing temperature
should exceed 15 �C and the curing time can require anywhere from two to seven
days (Issa and Debs 2007; Ha et al. 2010; Lee et al. 2011). Similarly, for a
bacterial surface treatment, a sufficient temperature is one that exceeds 20 �C, and
the curing time is again about 4–7 days (De Muynck et al. 2008a, b; Qian et al.
2009).

In the present chapter, a previous work of the authors, a case study involving
the bacterial surface treatment of normal and lightweight concrete (Kim et al.
2013) is reviewed and summarized. In this work, both normal and lightweight
concrete were subjected to bacterial surface treatment. It is well known that the
durability of lightweight concrete is lower than that of normal concrete (Haque
et al. 2004). For lightweight concrete, water, gas, and harmful chemicals can easily
penetrate through the pore networks of the lightweight aggregates in the concrete
(Vaysburd 1996; Haque et al. 2004). This leads to lower resistance of the concrete
against the chloride penetration, carbonation, and freeze-thaw damage (Vaysburd
1996; Haque et al. 2004). As environmental attacks on concrete structures start on
the surface, a surface protective layer is the first line of defense for both the
concrete itself and the reinforcements embedded in it (Vaysburd 1996). Therefore,
a surface treatment, especially for lightweight concrete, is very important to ensure
its durability.

In the present work, the surfaces of normal and lightweight concrete specimens
were treated with a liquid medium containing bacteria. Macro- and micrographic
assessments were carried out to analyze the shapes and distribution of the calcium
carbonate crystals. The capillary water absorption of the concrete specimens was
measured to evaluate the effects of the bacterial precipitation of calcium carbonate
on the moisture transport properties, which can affect the durability of the concrete.

16.2 Experimental Program

In this work, two types of ureolytic bacteria, S. pasteurii (ATCC 11859) and B.
sphaericus (ATCC 13805), which can precipitate calcium carbonate crystals, were
selected. The details of the preparation of the liquid media are available in Kim
et al. (2013). As a reference, a cell-free medium was also prepared. The XRD
patterns for the calcium carbonate crystals precipitated in media with and without
bacteria are presented in Fig. 16.1. Both calcite and vaterite phases were found in
all types of the media, but the intensity ratio between the calcite and vaterite
phases differed in each case. The ratios between the peak intensities of 29.3�
(calcite phase) and 27.0� (vaterite phase) were 1:0.72, 1:2.66, and 1:1.05,
respectively, for the calcium carbonate crystals formed in a cell-free medium, the
medium with S. pasteurii, and the medium with B. sphaericus. This indicates that
both types of bacteria tended to form vaterite crystals compared to the medium
without bacteria, where calcium carbonate crystals were precipitated by the natural
reaction between the urea and the calcium acetate in that sample medium.
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As concrete specimens for the bacterial surface treatment, normal and light-
weight concrete were prepared. Coal bottom ash was applied as a lightweight
aggregate material. The details of the preparation method of the concrete specimens
and the procedures of the surface treatment are available in Kim et al. (2013).
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Fig. 16.1 XRD pattern of
calcium carbonate crystals
formed in the cell-free
medium (a), the medium with
S. pasteurii (b), and the
medium with B. sphaericus
(c). Reprinted from Kim et al.
(2013), Copyright (2013),
with permission from
Elsevier
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The distributions of the calcium carbonate precipitation on the surfaces of the
concrete specimens were photographed using a digital camera and a scanning
electron microscope (SEM). The energy dispersive spectroscopy (EDS) spectra
were evaluated to verify the chemical compositions of the crystals on the surfaces
of the concrete specimens. Moreover, the amount of capillary water absorption of
the concrete specimens was measured to evaluate the effects of the bacterial
coating on the water transport properties. The experimental details of the present
work can be found in Kim et al. (2013).

16.3 Results and Discussion

16.3.1 Precipitation of Calcium Carbonate on Concrete

Figure 16.2 shows the surfaces of normal and lightweight concrete specimens with
various surface treatments.

As shown in Fig. 16.2, calcium carbonate was formed on the surfaces of the
concrete specimens treated with the cell-free medium, similar to the cases of
concrete specimens treated with a medium containing bacteria. However, it was
found that small, light-brown spots covered the top surface of the lightweight
concrete specimens treated with the cell-free medium. These were not found on the
surfaces of lightweight concrete specimens treated with the medium containing
bacteria. As marked by the red circle in Fig. 16.2d, these small spots have a hollow
dome-shaped structure.

The assumed development process of the small spots by the cell-free medium
on the surfaces of the lightweight concrete specimens is illustrated in Fig. 16.3a.
The lightweight concrete had more pores due to the porous lightweight aggregate
material used. Thus, some of the liquid medium was absorbed in the pores when
the medium was poured on the surface of the lightweight concrete; consequently, a
corresponding volume of air was simultaneously released from the pores.
Although some amount of air also rose to the surface of the liquid medium, some
remained on the substrate and formed air bubbles at the openings of the pores due
to the surface tension which arose. Calcium carbonate then formed at the interface
between the liquid medium and the air bubbles. After the medium on the concrete
specimens was removed, dome-shaped calcium carbonate structures formed and
the remaining medium under these structures dried out.

These dome-shaped structures, however, were easily broken due to their thin
layer. However, the respiration characteristics of the bacteria were assumed to be
hindered during the development of the dome-shaped structures on the lightweight
concrete specimens. As shown in Fig. 16.3b, the air bubbles remaining at the
openings of the pores due to the surface tension may have been consumed by the
respiration of the bacteria. Therefore, calcium carbonate crystals could precipitate
inside the pores.
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In addition, the fact that fewer bubbles arose in medium with bacteria was also
attributable to the fact that the bacteria metabolized the proteins. For instance, B.
sphaericus metabolized glucose via a metabolic process (Massie et al. 1985),
possibly acting as a surfactant (Bam et al. 1995), which could then hinder the
formation of air bubbles.

Meanwhile, the precipitations of calcium carbonate differed slightly depending
on the type of bacteria. The medium with S. pasteurii showed the precipitation of
very fine calcium carbonate powders (Fig. 16.3e and f). On the other hand, the
medium with B. sphaericus precipitated thick calcium carbonate layers
(Fig. 16.3g, h).

16.3.2 Microstructures of Precipitated Calcium Carbonate

Figures 16.4, 16.5, 16.6, 16.7, 16.8, 16.9 and 16.10 show SEM images and the
EDS spectra of the surfaces of normal and lightweight concrete specimens treated
with liquid media with and without bacteria. In the case of the cell-free medium,

Fig. 16.2 Top surfaces of concrete specimens treated by water: a normal concrete and
b lightweight concrete; top surfaces treated by cell-free medium: c normal concrete and
d lightweight concrete; top surfaces of concrete specimens treated by medium with S. pasteurii:
e normal concrete and f lightweight concrete; top surfaces of concrete specimens treated by
medium with B. sphaericus: g normal concrete and h lightweight concrete photographed by using
a digital camera (height 23 mm, width 30 mm). Reprinted from Kim et al. (2013), Copyright
(2013), with permission from Elsevier

Fig. 16.3 a Dome-shape structure formation when being treated with cell-free medium, b crystal
layer formation when being treated with cells. Reprinted from Kim et al. (2013), Copyright
(2013), with permission from Elsevier

b
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round-shaped calcium carbonate crystals were formed and were stacked upon each
other on the normal and lightweight concrete specimens (Figs. 16.4 and 16.5).
The diameters of these crystals were in the range of 10–80 lm. There were no
significant differences between the normal concrete and lightweight concrete
samples. It was noted that, when bacteria were not used, a single pure bulk crystal
consisting of many plate-shaped, small crystals formed (Fig. 16.5b). Moreover, as
shown in Fig. 16.6, the calcium carbonate crystals filled the pores of the light-
weight aggregates.

Compared to the cell-free medium, the sizes of the calcium carbonate crystals
were smaller and their distribution was denser in the medium with bacteria
(Figs. 16.7, 16.8, 16.9 and 16.10). Moreover, the distribution of calcium carbonate
on the lightweight concrete was slightly different from that on the normal concrete.
As shown in Fig. 16.7, in the normal concrete, small calcium carbonate crystals
with a size of approximately 500 nm were stacked like gravel on the surface of the

Fig. 16.4 SEM images of top surface of normal concrete treated by the cell-free medium
measured in 300 lm (a) and 50 lm (b), and EDS spectra at point 1 (c). Reprinted from Kim et al.
(2013), Copyright (2013), with permission from Elsevier

Fig. 16.5 SEM images of top surface of lightweight concrete treated by cell-free medium
measured in 100 lm (a), 10 lm (b), and EDS spectra at point 1 (c). Reprinted from Kim et al.
(2013), Copyright (2013), with permission from Elsevier
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specimens and were loosely connected to each other. On the other hand, in the
lightweight concrete, the assembly of many small-sized calcium carbonate crystals
of a size of about 10 lm was noted (point 1 in Fig. 16.8b); these were connected to
each other by web-shaped crystals (Point 2 in Fig. 16.8b). The chemical compo-
sition of these web-shaped crystals differed slightly from that of bulk calcium
carbonate crystals (Fig. 16.8c, d). It is important to note that the EDS spectra of
the pure calcium carbonate crystals should show 20 % of calcium ions, 20 % of
carbon ions, and 60 % of oxygen ions. It is assumed that the web-shaped crystals

Fig. 16.6 CaCO3 crystal filled in pore of aggregate on top surface of lightweight concrete
treated by cell-free medium. Reprinted from Kim et al. (2013), Copyright (2013), with permission
from Elsevier

Fig. 16.7 SEM images of top surface of normal concrete treated by the medium with S. pasteurii
measured in 10 lm (a), 400 nm (b), and EDS spectra at point 1 (c). Reprinted from Kim et al.
(2013), Copyright (2013), with permission from Elsevier
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formed after the bulk calcium carbonate crystals were developed, but the crys-
tallization process is not yet known. Moreover, why the different shapes of the
calcium carbonate crystals of the lightweight concrete and of the normal concrete
formed is not known. However, it is considered that changes of pH and calcium
ion concentration on the surface of the concrete by a pozzolanic reaction in the
bottom ash aggregate may have led to this phenomenon (c.f. Zhang and Gjørv
1990; Mehta and Monteiro 2006; Chindaprasirt et al. 2009).

In addition, the calcium carbonate formed by the medium with B. sphaericus
crystallized with pockmark shapes regardless of the type of concrete specimen,
whereas the calcium carbonate crystals formed by the cell-free medium and the
medium with S. pasteurii showed spherical or semi-spherical particle shapes
(Figs. 16.9 and 16.10). The calcium carbonate developed by S. pasteurii rapidly

Fig. 16.8 SEM images of top surface of lightweight concrete treated by the medium with S.
pasteurii measured in 100 lm (a), 10 lm (b), and EDS spectra at point 1 (c) and at point 2 (d).
Reprinted from Kim et al. (2013), Copyright (2013), with permission from Elsevier

Fig. 16.9 SEM images of top surface of normal concrete treated by the medium with B.
sphaericus measured in 50 lm (a), and EDS spectra at point 1 (b). Reprinted from Kim et al.
(2013), Copyright (2013), with permission from Elsevier
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was precipitated in the medium and thus formed spherical particle shapes and was
deposited on the surface of the concrete (Parks 2009). On the other hand, for B.
sphaericus, the calcium carbonate crystals were precipitated from the interface
between the medium and the concrete specimen due to the formation of a biofilm
(Kolari et al. 2001; Parks 2009). These crystals were precipitated with radial
shapes and were developed between other crystals without a gap, covering the top
surface densely (Fig. 16.10). The different shapes of the calcium carbonate crystals
shown in the SEM images (Figs. 16.4, 16.5, 16.6, 16.7, 16.8, 16.9 and 16.10) may
be affected by the different morphologies of the calcite and vaterite phases (de
Leeuw and Parker 1998).

16.3.3 Effect of Precipitated Calcium Carbonate
on Capillary Water Absorption of Concrete

Figure 16.11 presents the relative values of the capillary water absorption per unit
area of concrete. It should be noted that the relative values of both the normal and
lightweight concrete were similar, while the absolute value of lightweight concrete
(1.4–2.6 kg/m2) was higher than that of the normal concrete (4.7–9.3 kg/m2).

As shown in Fig. 16.11, the capillary water absorption per unit area of concrete
was decreased in both the medium with and the medium without bacteria. How-
ever, in the medium without bacteria, the relative values of water absorption of the
concrete specimens were not stable in comparison with the concrete specimens
treated with the medium with bacteria. The relative value of the normal concrete
treated with the cell-free medium was higher at 6 h than that of the concrete
treated with the medium with bacteria, whereas it was lower at 128 h. Moreover,
the relative value of water absorption of the lightweight concrete at 6 h was very

Fig. 16.10 SEM images of top surface of lightweight concrete treated by the medium with B.
sphaericus measured in 50 lm (a), 2 lm (b), and EDS spectra at point 1 (c). Reprinted from Kim
et al. (2013), Copyright (2013), with permission from Elsevier
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low, though this value increased at 128 h. This was considered to be attributable to
the distribution of the calcium carbonate precipitation on the concrete. In the cell-
free medium, calcium carbonate crystals formed with a stacked particle mor-
phology on the surface of the concrete (Figs. 16.4 and 16.5); thus, these particles
could easily become detached during the capillary water absorption test. On the
other hand, although the calcium carbonate crystals precipitated by S. pasteurii
had shapes similar to those that formed in the cell-free medium, their sizes were
much smaller and the crystals were connected to each other (Figs. 16.7 and 16.8).
Therefore, the relative value of the concrete treated with the medium with
S. pasteurii was more stable than that of the concrete treated with the cell-free
medium.

In addition, regarding the decrease in the capillary water absorption of the
concrete, the efficiency of the bacterial treatment in the present work appears to be
similar to experimental results obtained in similar studies. The surface treatment
by B. sphaericus could reduce the capillary water absorption of cement mortar
by about 50 % (De Muynck et al. 2008b). Moreover, the surface treatment by
B. pasteurii decreased the capillary water absorption of cement paste by about
50–70 % (Qian et al. 2009).

16.4 Conclusion

In this chapter, a case study involving the bacterial surface treatment of normal and
lightweight concrete samples was presented. The surfaces of concrete specimens
were treated with a liquid medium with and without bacteria. Macro- and

Fig. 16.11 Relative value of capillary water absorption: a normal concrete and b lightweight
concrete. Reprinted from Kim et al. (2013), Copyright (2013), with permission from Elsevier
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micrographic studies were conducted to analyze the shapes and distribution of the
calcium carbonate crystals. The amounts of capillary water absorption of the
concrete specimens were measured to evaluate the effects of the bacterial pre-
cipitation of calcium carbonate on the moisture transport properties, which may
affect the durability of the concrete.

The size of the calcium carbonate crystals precipitated by the medium with
bacteria was larger than that precipitated by the medium without bacteria.
Moreover, the medium with B. sphaericus formed calcium carbonate crystals with
nano-sized pockmark shapes, and the crystals covered the concrete surface den-
sely. Thus, both the normal and lightweight concrete specimens treated with the
medium containing B. sphaericus showed lower capillary water absorption levels
per unit area than that of the concrete specimens treated with the cell-free medium.
In addition, the respiration characteristics of the bacteria may hinder the devel-
opment of the dome-shaped calcium carbonate structures noted on the lightweight
concrete specimens.

Considering the water absorption rates from the surfaces of the concrete sam-
ples, the efficiency of bacterial treatments is still lower than that of conventional
water-repellent materials, including epoxy or silicone resins (De Muynck et al.
2008b; Qian et al. 2009). Moreover, investigations of the long-term performance
of a bacterial surface treatment and life-cycle assessments based on these results
have not been reported, both of which are important for practical applications of
this method. Therefore, further studies will be carried out along this line.
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Chapter 17
Biotechnological Aspects of Soil
Decontamination

V. Sheoran and A. Sheoran

Abstract Soils have been subjected to several contaminants that vary in con-
centration and composition. Soil pollution causes significant damage to the
environment and human health as a result of their mobility and solubility. Sig-
nificant progress has been made in regulating soil pollution, with a parallel
development of methodologies for soil assessment and remediation. The selection
of most appropriate soil and sediment remediation method depends on the site
characteristics, concentration, type of pollutants to be removed, and the end use of
the contaminated medium. This chapter provides the developing biotechnological
aspects of soil decontamination. The study also reviews other available remedia-
tion options, which includes physical, chemical, and thermal technologies. All
these technologies may be used in conjunction with one another to reduce the
contamination to an acceptable level, and may offer potential technical solution to
most soil pollution.

17.1 Introduction

Globally, the increasing human population, industrial revolution, and the number
of anthropogenic inefficiencies with unplanned growth of urban system have been
putting an intense pressure on the consumption of natural resources, thus threat-
ening human health and the environment. Over time, the quantities of these

V. Sheoran (&)
Department of Zoology, Jai Narain Vyas University, Jodhpur 342011, India
e-mail: vimi_sheoran@yahoo.com

A. Sheoran
Department of Civil Engineering, Birla Institute of Technology & Science,
Pilani 333031, Rajasthan, India
e-mail: arushai_sheoran@yahoo.com

� Springer International Publishing Switzerland 2015
F. Pacheco Torgal et al. (eds.), Biotechnologies and Biomimetics for Civil Engineering,
DOI 10.1007/978-3-319-09287-4_17

373



nonrecyclable toxic by-products are at the levels that present an unacceptable risk
to the sensitive biosphere (Sheoran et al. 2008; Sikdar et al. 1998)

Historically, soil pollution has been of very little concern, and its contamination
is a relatively recent issue when, actually, it began a long time ago, particularly
after the industrial revolution, even though only recently has mankind become
aware of its dimension, persistence, and harmful effects (Castelo-Grande et al.
2010). Pollutants can be built up in the soil directly or indirectly from several
sources, such as industrial emissions, mining and smelting of metalliferous ore,
electroplating energy and fuel production, and sludge dumping. A wide range of
inorganic and organic compounds cause contamination, and these include heavy
metals, combustible and putrescible substances, hazardous wastes, explosives, and
petroleum products. There has been increasing concern over the last few decades
regarding organic pollutants, which includes PCBs such as dioxin, polycyclic
aromatic hydrocarbons (PAHs) such as benzoapyrene, nitroaromatics such as tri-
nitrotoluene (TNT), and linear halogenated hydrocarbons such as trichloroethylene
(TCE). Major components of inorganic contaminants are heavy metals (Ghosh and
Singh 2005). Heavy metals cannot be destroyed biologically and are present in
soils as free metal ions, soluble metal complexes (sequestered to ligands),
exchangeable metal ions, organically bound metals, precipitated or insoluble
compounds such as oxides, carbonates, and hydroxides, or they may form part of
the structure of silicate materials (indigenous soil content) (Davies et al. 2001).

Contaminated soils are the target of several thousands of pollutants that vary in
their compositions and concentration. Elevated concentration of these pollutants
impair the functioning of human population and pose significant risk to the
development of flora and fauna (Scullion 2006). Contaminated soil fails to support
crop growth and negatively affects its development because of interference of
phytotoxic contaminants with metabolic processes and sometimes also leading to
plant death (Hoffmann 1983). Besides this, soil toxicity disrupts biological cycling
of nutrients and also affects the hydrosphere compromising with the quality of
drinking water resources, and threatening the aquatic ecosystem (Bilek 2004).
Human beings are also at risk from polluted soils, thus the magnitude of pollution
in our soils calls for immediate action (Friberg et al. 1986; Knasmuller et al. 1998;
Nathanail and Earl 2001). When contaminant concentrations in soil are too high
for natural biodegradation to occur, cleanup action is warranted (Sikdar et al.
1998). Thus, in response to a growing need to address this environmental con-
tamination, many remediation technologies have been developed to treat soil
contaminated by various pollutants, including in situ (treating relatively undis-
turbed soils) and ex situ (treating excavated soils) methods either onsite or in
designated soil treatment facilities. In situ has the advantage of minimal disruption
to activities on site or on adjacent land. Ex situ approaches generally offer greater
scope for managing conditions to optimize treatment efficiency and for controlling
potential spread of pollutants. In situ methods are favored over the ex situ tech-
niques due to their low cost and reduced impact on the ecosystem (Reed et al.
1992).
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Biological, physical, chemical, and other technologies can be used in con-
junction with one another to reduce the contamination to a safe and acceptable
level (RAAG 2000). Physical methods employs soil washing, encapsulation, and
solidification; precipitation and ion exchange are chemical treatments, and for the
biological treatment plants are used. Even though many technologies are available
for the decontamination of polluted sites, the selection depends on contaminant
and site-by-site basis, regulatory requirements, costs, and time constraints. Since
most remediation techniques are site-specific, the selection of appropriate tech-
nology is often a difficult, but extremely important step in the successful reme-
diation of a contaminated site. Therefore, the successful decontamination of a
contaminated site depends on proper selection of the methodology, its design, and
adjustment of the remediation technology’s operations based on properties of the
contaminants and soils, and on the performance of the whole system (USEPA
1998; Khan et al. 2004 and Pazos et al. 2010).

This chapter provides the developing biotechnological aspects of soil decon-
tamination, and also reviews various other physical, chemical, electro-remediation
or electro-reclamation techniques. It also outlines the types of waste and media in
which the technology could be successfully applied so that wide-scale imple-
mentation and commercialization of the technique may be recommended on a
global basis.

17.2 Physical Techniques

Decontamination of soil relies on an understanding of the physical behavior of the
pollutants in the site specific environment. Physical remediation methods are most
effective in coarser textured soils, although fracturing of finer textured soils may
extend their applicability, and for pollutants that are more soluble or volatile. This
treatment can enhance the effectiveness of biological degradation of contaminates
or indirectly cause their destruction (Scullion 2006).

17.2.1 Off-Site Management

The most common traditional remediation technique is off-site management. The
contaminated soil is taken for burial at land fill sites. This method of remediation
merely shifts the contamination problem else where. Additionally, there are haz-
ards associated with the transport of contaminated soil and migration of contam-
inant from landfill into adjacent environment (Williams 1988).
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17.2.2 Isolation and Containment

Contaminants can be isolated and contained, to prevent further movement, to
reduce the permeability of the waste to less than 1 9 10-7m/s (as required by the
USEPA), and to increase the strength or bearing capacity of the waste (USEPA
1994). This technique consists of the use of barriers that inhibit the migration of
contaminants to the neighboring uncontaminated site. Physical barriers made of
steel, cement, bentonite, and grout walls can be used for capping, vertical, and
horizontal containment. Capping is a site specific proven technology, which uses
synthetic membranes to reduce water infiltration. Horizontal barriers restrict the
downward movement of metal contaminant within the soil, whereas vertical
barrier reduces the migration from one site to another. These barriers are made of
slurry walls, grout, or geomembrane curtains, and sheet pile walls. It is the least
expensive approach, but leaves the contaminant in place without treatment. The
selection of each technology is site-specific. They are beneficial where the area of
contaminant is shallow but large. More research is required to match reactive
media with contaminants, model life time performance, optimize retention times,
and develop methods for regeneration of reactive media.

In terms of risk management, these above mentioned approaches aimed to
control the pathway linking hazard and receptor without treating the source of the
hazard. Remediation practices emphasized containment rather than treatment.

17.2.3 Solidification/Stabilization

Solidification process is a nondestructive physical method to immobilize the
contaminants by encapsulating them in a solid of high structural integrity, while
stabilization includes chemical reactions to reduce contaminant mobility. It is also
known as waste fixation through both physical and chemical means. Some variants
like liquid monomers that polymerize, pozzolans, bitumen, fly-ash, asphalt, and
cement are injected to encapsulate the soils. Capping or jacketing or complete
coating of the contaminated sediment with sandy material, such as clean sediment,
sand, or gravel, which decreases the direct contact area between the water and the
contaminated sediment, is what is done under encapsulation (Peng et al. 2009).
Two ways of encapsulation are (i) microencapsulation (ii) macroencapsulation.
Port land cement, pozzolans, or lime/hydrated lime, and organic polymers may be
used for microencapsulation, whereas concrete, organic materials (polythene,
polyesters, etc.), sulfur cement, etc. can be used for macroencapsulation.

Some researchers have reported that a good cap thickness was approximately
50 cm; and through capping the sediment by sands materials, the heavy metal
concentration in water could reduce to 80 %. The cost of implementing this tech-
nology is dependent on the lithology of the site and the depth of the contaminant. As
the depth of contamination increases, so does the cost (Khan et al. 2004).
The stabilization converts the contaminants into less soluble immobilized and less
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toxic form by mixing soil or waste with chemical binders, such as cement, sulfide,
and phosphate binders, polyester resins, or polysiloxane compounds to create a
slurry, paste or other semi-liquid state, and is allowed time to cure into solid form
(Wang et al. 2012). Additives through which solidification is achieved are either
cement-based, pozzolon-based, the thermoplastic methods, the organic polymeri-
zation methods, the encapsulation method, and organophillic clay-based (Wang
et al. 2012). Among these methods, cement-based solidification/stabilization is of
increasing importance as option for remediating contaminated sites because of its
low material and equipment cost.

This technique is suitable for contaminant in shallow depths and of large vol-
ume, and is not suitable for metals, which are not highly soluble, and do not form
hydroxides, such as arsenic, chromium, and mercury. In situ solidification/stabil-
ization techniques are preferred since labor and energy costs are lower, but site
conditions, such as bedrock, large boulders, clay, and oily patches may cause
mixing problems (Mulligan et al. 2001).

17.2.4 Vapor Extraction and Air Sparging

Vapor extraction and air sparging techniques are based on the manipulation of
pollutant distribution between liquid and vapor phases. These treatments promote
the volatilization of pollutants (e.g., benzene, toluene, ethyl benzene, xylene, and
chlorobenzenes) in unsaturated and saturated zones. Extracted gases or vapors may
be adsorbed onto activated carbon or treated (e.g., by oxidation). The effectiveness
of vapor extraction systems may be extended to semi-volatile pollutants by
injection of heated air or heating by microwave/radiowave, and rates of extraction
may be improved by increasing air flow rates to a point when mass transfer limits
volatilization (George et al. 1992; Park et al. 2005). Air sparging also known as
in situ air stripping or in situ volatilization induces partitioning of dissolved and
free-phase contaminants into the vapor phase, and increases in dissolved oxygen
can stimulate aerobic degradation. Benzene removal by air sparging has been
shown by Adams and Reddy (2003). Both these approaches are less well suited to
fine textured soils because of restricted rates of movement in the mobile phases
and increased distances over which volatile organic contaminants have to diffuse
through an aqueous phase. Also treatment rates are slower in soils with higher
organic contents (Gomez-Lahoz et al. 1995).

17.2.5 Vitrification

Vitrification of molten glass is another method of solidification/stabilization pro-
cess requiring thermal energy. It uses heat of up to [ 1,000 [ 1,600 �C -
[ 2,000 �C to destroy organic pollutants by pyrolysis and immobilize most of the
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pollutants in organic (Gavrilesseu et al. 2009). It is a two stage process in which
pollutants are desorbed at lower (\600 �C) temperature and then combusted.
Vitrification is mainly used to remediate soils contaminated with heavy metals
mixed with radioactive elements (Wang et al. 2012). It involves insertion of
electrodes into the soil, which must be able to carry a current, and then to solidify,
as it cools. Full scale applications exist for arsenic, lead, and chromium contam-
inated soils. Vitrification is expensive and suitable for shallow contamination and
also toxic gases can be produced during the process, but is applicable to mixed
wastes where few technologies are available (Mulligan et al. 2001).

The in situ or ex situ (where the soil is excavated and treated) vitrification
consists in the insertion of graphite electrodes into the soil creating a high electric
current, such that the released heat provokes the fusion of the soil matrix (Castelo-
Grande et al. 2005). This leads to the formation of vitrified end product into which
the contaminants are incorporated and subsequently immobilized. During this
process, the majority of contaminants initially present in the soil are volatilized
reducing their concentration in the soil and the waste, while the remainder are
converted into a chemically inert, stable glass, and crystalline product. The vit-
rification can be performed by three different processes namely electrical process,
thermal process, and plasma process. Precisely, electrical process makes use of
application of electrical energy through graphite electrodes inserted into ground,
whereas thermal process requires an external heat source and a typical reactor
(Dermatas and Meng 2003); and moreover in plasma process, electrical discharges
are used to achieve temperatures up to 5,000 �C .The advantage of this method is
that the volume of waste can be reduced with long-term stability but it is a costly
method (Suthersan 1997).

17.2.6 Mechanical Separation

This involves the size selection process to remove larger, cleaner particles from the
smaller, and more polluted ones. Characterization in terms of particle size and
contaminant level in each fraction is the most important parameter in determining
the suitability of this process. They include hydrocyclones, which separate the
larger particles greater than 10–20 lm by centrifugal force from the smaller
particles, fluidized separation removes smaller particles at the top (Less than
50 lm) in countercurrent overflow in a vertical column, by gravimetric settling
and flotation, which is based on different surface characteristics of contaminated
particles, magnetic separation, used to separate these from ferrous metals. These
methods have been used in mineral ore processing.
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17.2.7 Pyrometallurgical Separation

Pyrometallurgical processes use high temperature furnace to volatilize metals in
contaminated soil. Temperatures of 200–700 �C are used to evaporate the con-
taminant. After volatilization, metals are then recovered or immobilized. These
methods are most applicable to mercury since it is easily converted to its metallic
form at high temperature. Other valuable metals such as gold and platinum can
also be recovered from low soil concentration. This type of treatment is usually
performed off-site due to lack of mobile units, and is applicable to highly con-
taminated soils (5–20 %) where metal recovery is profitable. Prior to pyrometal-
lurgical separation the soil must be concentrated by physical or soil washing.

17.2.8 Soil Washing

Soil decontamination can also be carried out by in situ washing of soil. It is a
physical separation technique, which consists of extraction of contaminants by
suspending them in watery solutions, i.e., by dissolution. The main principle of
soil washing is a selective classification of highly contaminated pollutants fol-
lowed by the solid or liquid phase separation of the remaining suspension (Bradl
and Xenidis 2005). It may consist of excavation, fragmentation, separation in
different grain sizes, washing of the different fraction, and their disposal (Castelo-
Grande et al. 2010). This technique is often considered as a pretreatment for the
reduction of the toxic contents of the contaminated soil, and to be treated by
another technology. The physical process of soil washing involves two principal
steps:

Mechanical/Physical sorting Physical separation may include screening fol-
lowed by density or gravity separation. Mechanical screens and hydrocyclones are
often used to separate the soils into various size fractions. The bulk oversize
material consists of clean or slightly contaminated cobbles and stones, and may
undergo a water rinse before being returned to the site as fill. The slit and clay
fraction generally contains the highest concentration of the contaminants, and is
usually treated by the solidification/stabilization techniques to immobilize the
contaminants prior to land filling. The remaining fine and coarse sands can be
further treated using density/gravity separation process to separate high density
aggregates and metal fragments. Magnetic contents are removed manually with the
help of magnets.

Wash water treatment Fresh water and cleaned process water are added to the
soil. From the suspension, cleaned soils fractions are separated and contaminants
are further proceeded for further treatment.

For the process of soil washing the knowledge of particle size dependent pol-
lutant distribution is of vital significance. It is one of the few permanent treatment
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alternatives to remove metal contaminants from the soils. This technology is
particularly cost-effective and well established in mineral industry.

17.3 Chemical Techniques

A range of chemical processes have been applied to soil to destroy or convert
pollutants into less toxic forms, to extract them, or to immobilize them. Wood
(2001) suggested that chemical treatments can be highly specific for some pol-
lutants, e.g., PCBs and halogenated alkanes.

17.3.1 Oxidation-Reduction Reaction

Chemical treatment by reductive as well as oxidative mechanisms may be used to
detoxify or decrease the mobility of metal contaminants (Evanko and Dzombak
1997). This is commonly used for waste water treatment. Oxidation reactions
detoxify, precipitate, or solubilize metals and involve addition of potassium per-
manganate, hydrogen peroxide, and hypochlorite, or chlorine gas. Neutralization
reactions are performed to adjust the pH of acidic or basic soils (lime). Reduction
reactions are induced through the addition of alkali metals, such as sodium, sulfur
dioxide, sulfite salts, and ferrous sulfate. Sometimes chemical treatment is used to
pretreat the soil for solidification or other treatments. These reactions are, how-
ever, not specific and, therefore, there is a risk of converting other metals into more
toxic or mobile forms. Arsenic is most applicable for chemical oxidation since As
(V) is less toxic than As (III). Hg, Pb, Se, and Ag are also applicable for reduction.
These chemical treatments can be performed in situ by injection into ground water,
but have the potential to introduce further contamination.

Over the last two decades, Fenton treatment has emerged as a viable remedi-
ation technology for PAH-contaminated soils. Several reviews on various Fenton-
based treatments for contaminated soils have been published (Cravotto et al.
2005). In these works, PAHs have been grouped as hydrophobic or semi-volatile
contaminants. PAHs are known to be toxic, mutagenic, carcinogenic, and tera-
trogenic, most commonly found at sites contaminated with coal tar and creosote,
especially as the heritage from the manufactured gas plants (MGP) and wood
treatment facilities of the last few centuries. Effective decontamination of the soil
can be achieved by using advanced oxidation process (AOPs), which is based on
Fenton’s reaction (hydrogen peroxide catalysed by iron), involving solely one or a
combination of physical, chemical, biological, and thermal processes .Faster and
more efficient degradation of recalcitrant compounds such as PAHs can be
achieved using AOPs (Cravotto et al. 2007).
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17.3.2 Immobilization

Immobilization approaches are favored where pollution covers an extensive area,
and where the main targets to be protected are water resources and plants.
Immobilization can be achieved by complexing the contaminants or through
increasing the soil pH by various amendments including addition of liming
materials, phosphate compounds, and biosoilds (Alloway and Jackson 1991).
Increased pH decreases the solubility of heavy metals like Cd, Cu, Ni, and Zn in
soil. Although the risk of potential exposure to plants is reduced, their concen-
tration remains unchanged. Mechanisms include increasing metal adsorption
through higher surface charge, formation of insoluble metal complexes, precipi-
tation, and redox reactions leading to immobile valency form. Basta et al. (2001)
found that a range of soil amendments, especially alkaline biosolids, reduced the
extractability and phytotoxicity of smelter waste polluted with Cd, Pb, or Zn.

17.3.3 Soil Washing (with Solvents)

Soil contaminated with metal pollutants can be decontaminated by two treatment
methodologies:

• That leaves the metal in the soil such as solidification/stabilization and vitri-
fication, which immobilizes the contaminants, thus limiting their movement.

• That removes the heavy metals from the soils. Technology such as soil
washing, in situ soil flushing transfer the contaminants to liquid phase by
desorption and solubilization.

Soil washing for metals after physical treatment processes is then washed with
solvents on the basis of their ability to solubilize specific contaminants and to
transform them into nonhazardous material and also on their environmental
impacts (Feng et al. 2001; Chu and Chan 2003; Khan et al. 2004). Soil washing
usually employs wash solutions, such as acids, bases, chelating agents, reducing
agents, or other additives as the extracting agents. Thus, heavy metals can be
removed from soils using various agents added to the soil. This can be done in
reactors or as heap leaching. These agents are inorganic acids such as sulfuric and
hydrochloric acids (pH less than 2), organic acids including acetic and citric acids
(pH not less than 4), chelating agents such as ethylenediaminetetracetic acid
(EDTA) and nitrilotriacetic acid (NTA), and the various combinations of the
abovementioned .The cleaned soil can then be returned to the original site. Both
organics and metals are removed. The effectiveness of this treatment approach can
be high for hydrophilic pollutants such as aniline and phenols (Rajput et al. 1994).
Metal removing efficiencies during soil washing depends on the soil particle size,
metal characteristics, extractant chemistry, and processing conditions. pH plays a
very important role in metal extraction from soils (Peters 1999). Limited
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experience with such technique has demonstrated that they create new problems,
e.g., increase in mobility (and bioavailable) of the remaining metals in the
decontaminated substratum, redistribution of pollution to other remaining fractions
of the process (resins, sludges, etc.) (Woelders 1998; Dermont et al. 2008)
(Fig. 17.1).

17.3.4 Soil Flushing

This is in situ innovative remediation technology in which water is used with or
without additives as flushing solutions to solubilize contaminants in soil to an area
where they can be removed, with various methods of infiltration, such as infil-
tration basins, injection wells, and an infiltration trench. Various additives include
organic or inorganic acids, sodium hydroxide, which can dissolve organic soil
matter, water soluble solvents such as methanol, displacement of toxic cations with
nontoxic cations, complexing agents such as EDTA, acids in combination with
complexing agents or oxidizing/reducing agents. Once the water is pumped from
soil, it must be extracted and then treated to remove the metals in wastewater
treatment facilities or reused in the flushing process (Fig.17.2). Significant removal
of chromium was achieved. Levels of chromium were reduced to 18 from
2,000 mg/l (USEPA 1996). Urlings (1990) decrease the Cd content 90 % of the
soil from 10 to less than 1 mg/kg with dilute hydrochloric acid (pH 3). Since

Fig. 17.1 Schematic diagram of soil washing
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flushing is conducted in situ, it reduces the need for excavation, handling or
transportation of hazardous substances (Khan et al. 2004). More demonstrations
are needed in this methodology, in addition to developing more understanding into
the mechanisms for solution, metal recovery, and use of nontoxic additives.

17.3.5 Dechlorination

Sometimes, reduction reaction can contribute to the decontamination of polluted
soils. Chemical-reductive dechlorination is one such technique. Dechlorination,
also known as dehalogenation, is a chemical technique based on the loss of hal-
ogen atoms (i.e., atoms of chlorine, fluorine, bromine, and iodine) from the hal-
ogenated organic molecules. Thus, converting toxic compounds into less toxic
substances. These substances are frequently soluble in water, thus enhancing their
separation from the soil. This technique applicable to polychlorinated biphenyls
(PCBs), halogenated semivolatile volatile organic compounds, and pesticides
(Castelo-Grande et al. 2010).

17.4 Biological Techniques

These techniques use living organisms in order to transform or degrade contam-
inants into less toxic form or remove the toxic contaminants of the soil (Kavamura
and Esposito 2010). Microorganisms, soil invertebrates, and plants have all been
exploited as potential agents of soil bioremediation, although most treatments have
been based on microbial activity. The strategies can be applied in both in situ or ex
situ ways depending on the contaminant and soil characteristics. Although bio-
logical solutions to inorganic pollution exist, the main emphasis has been on the
treatment of organic compounds.

Fig. 17.2 Schematic representation of soil flushing
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17.4.1 Biodegradation of Soil Pollutants

Degradation of soil pollutants mostly involves consortia of microorganisms, and
may be achieved using in situ, on-site, or bioreactor approaches. On-site processes
or bioreactors are likely to involve solid phase approaches such as landfarming
(spreading of excavated contaminated soils in a thin layer usually combined with
cultivation and/or nutrient inputs) or more ‘‘engineered’’ solutions compositing or
the use of bio-piles (piles of polluted soils constructed to facilitate aeration and
addition of nutrients). It can be applied to soils contaminated by crude oil, and also
efficient in degradation of polycyclic hydrocarbons (PAHs). The management of
the treatment environment is easiest with on site process bioreactors and difficult
with in situ approaches, with bio-piles and compost techniques intermediate in this
respect. Biodegradation technique is effective on a range of organic constituents.
Bioaugmentation (addition of cultured microorganisms with the capacity to
degrade target contaminants) or biostimulation (addition of nutrients to increase
indigenous biomass or of substrates to promote cometabolism) of soil microbial
populations may provide a means of accelerating pollutant degradation (Singer
et al. 2005). There are many environmental factors that limit microbial biodeg-
radation of soil pollutants including low temperature, restricted activity under
anaerobic conditions, low levels of available nutrients or co-substrates, and limited
bioavailability of pollutants. Although soil animals are not thought to have a
significant direct role in the biological degradation of contaminants, their activities
may stimulate microorganisms and improve the soil environment for microbial
degradation (Haimi 2000).

Soils on many polluted sites are physically degraded and macro-fauna such as
earthworms can improve these conditions (Scullion and Malik 2000). Recently,
interest in the role of earthworm as ‘‘bioreactors’’ for degradation of contaminant
such as trinitrotoluene have been reported. Biodegradation rate is controlled by
microbial catabolic capacity, (Renoux et al. 2000). The presence of high con-
centration of heavy metals may inhibit the microbial growth and also the volatile
components tend to evaporate rather than biodegrade. Thus, in most of these
treatments, there will be some loss to atmosphere through volatilization and some
physical or chemical stabilization of pollutants. Bioreactor treatments are
increasingly favored as the microbes may also lead to formation of biofilm, which
might accumulate organic pollutants for subsequent degradation of high molecular
weight PAHs and heavy metals (Sheoran et al. 2010).

17.4.2 Bioleaching

It is a process of recovery of metals by some microorganisms capable of dissolving
them from the environment. It is an effective alternative to chemical extraction
processes. Microorganisms like Thiobacillus ferrooxidans and T. thiooxidans
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bacteria under aerobic and acidic conditions (pH 4) at temperature between 15 and
55 �C, depending on strain promote the microbiological leaching of metals such as
copper, silver, uranium, and zinc by the oxidation followed by electron transfer to
oxygen inducing the metal solubilization (Gadd 2004; Kavamura and Esposito
2010). Leaching can be performed directly by oxidation of metal sulfides to
produce sulfuric acid, which then can desorb the metals on the soil by substitution
of protons. Indirect leaching involves conversion of Fe2+ to Fe3+, which in turn
oxidizes sulfur minerals to Fe2+ producing acidity. Several options are available
for bioleaching including heap leaching, bioslurry reactors, and in situ processes.
Anoxic sediments are more suitable for treatment since the bacteria can solubilize
the metal compounds without substantially decreasing the pH. Copper, zinc,
uranium, and gold have been removed by Thiobacillus species in biohydromet-
allurgical processes (Karavaiko et al. 1988). Another fungus Aspergillus niger,
which can produce citric and gluconic acids has a potential for remediation of
metal contaminated soil. They can act as acids (pH 3.5) and chelating agents for
the removal of metals such as copper from oxide mining residues (Mulligan et al.
1999b). Mercury and cadmium can be oxidized, while arsenic and iron can be
reduced by microorganism. Cr (VI) can be oxidized to Cr (III) that is less mobile
and toxic. Bacteria such as Bacillus subtilis and sulfate reducing bacteria in the
presence of sulfur can perform this reaction.

17.4.3 Biosorption

Biosorption is the process of binding of metals to cell surfaces (Vidali 2001). It is a
biological treatment method, which involves the adsorption of metals into biomass
of algal or bacterial cells that can be dead or alive. With the use of Trichoderma
reesei adsorption and desorption of cadmium and copper were analyzed by Kim
et al. (2003). Pb(II) and Cd (II) were recovered employing biomass of Amanita
rubescens from aqueous solution using the ability of the macrofungus by Sari and
Tuzen (2009). If large scale, inexpensive production techniques for the biomass
are developed, this heavy metal treatment is promising (Hazardous waste con-
sultant 1996).This method is only applicable for low concentrations of metals in
water. Therefore, the cells could potentially be placed in permeable barriers for
adsorption of metals in ground water.

17.4.4 Biodegradable Biosurfactants

Surfactants are a class of natural chemicals, which are amphiphilic in nature, that
promote the solubilization and emulsification of various types of organic and
inorganic contaminants. Bio-surfactants are produced by bacteria and yeast. Bio-
degradable biosurfactants (surfactin, rhamnolipid and sophorolipid) are used to
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remove heavy metals from an oil contaminated soil (Mulligan et al. 1999a). The
first two agents are produced by bacteria, while the last is produced by yeast.
Biosurfactants are also able to remove metals from the sediments. Caustic sur-
factant could be used for removing the organically associated metals, while foam
surfactant can be employed for extracting metals bound to carbonates and oxides
(Dermont et al. 2008; Wang and Catherine 2004). Since these agents are biode-
gradable, they are able to enhance hydrocarbon removal, and can potentially be
produced in situ, as they have a great potential for soil washing and soil flushing.
This technology yet needs to be performed on commercial scale.

17.4.5 Bioventing

This technique can be applied in situ with a source of oxygen necessary to initiate
the processes. It injects air into the contaminated media necessary to run the
process at a rate designed to maximize in situ biodegradation. It eliminates the off-
gassing of volatilized contaminants to the atmosphere (Khan et al. 2004). The
simulation of decontamination of several organic pollutants including variety of
petroleum refinery products by bioventing was performed by Sui et al. (2007).
Unlike biosparging, which involves pumping air and nutrients into the saturated
zone, bioventing pumps the air only into the unsaturated or vadose zone (USEPA
1998). Bioventing also degrades less volatile organic contaminants and, because a
reduced volume of air is required, it allows for the treatment of less permeable
soils. During the application of bioventing in volatile solute transportation in soils,
volatilization has an important role in the first day followed by biodegradation
after this period (Suko et al. 2006). Baker and Moore (2000) have reported the
optimized performance and effectiveness of in situ bioventing. Diele et al. (2002)
have discussed numerical models and their applications in bioventing system
design and operation. Any aerobic degradable substance can be treated by bio-
venting and ultimately leading to biodegradation. Bioventing is most successful on
mid-weight petroleum products like diesel since lighter products tend to volatilize
quickly, while the heavier products generally take longer time to biodegrade. If the
contaminant has to be cleaned to a level lower than 0.1 ppm or if total petroleum
hydrocarbon (TPH) has to be reduced to greater than 95 %, bioventing at that site
may not be effective, and some other method may be needed for this saturated zone
(USEPA 1998).

17.4.6 Phytoremediation

In the past few years, green plants have shown several response patterns to the
presence of potentially toxic concentrations of heavy metal ions. Most are sensi-
tive even to very low concentrations; others have developed resistance and
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tolerance and accumulate toxic metals within roots and above-ground tissues, such
as shoot, flower, stem, and leaves, etc. (Barcelo and Poschenrieder 2003). Such
extraordinary ability of plants to accumulate heavy metals is described as hyper-
accumulators. Hyperaccumulators are able to accumulate Zn concentration higher
than 1 % and Cu, Pb, and Ni higher than 0.1 % of the tissue weight. The current
criterion used to define a hyperaccumulator is a plant that can accumulate metal to
a concentration that is 100 times greater than ‘‘normal’’ plants growing in the same
environment (Brooks 1977; Reeves and Brooks 1983). This particular capacity to
accumulate and tolerate large metal concentrations has opened up the possibility to
use for remediation of polluted soils and waters. The use of hyperaccumulator
plants to remove, destroy, or sequester hazardous toxic heavy metals is termed
phytoremediation (Schnoor 1997).

Hyperaccumulator plants such as Thlaspi, Utrica, Chenopodium, Polygonum
sachalase, and Alyssim have the capability to accumulate cadmium, lead, nickel,
and zinc (Baker et al. 1991). In addition to hyperaccumulator, plants such as trees
(Poplar) and grasses (Vetiver) are now being actively evaluated though, their metal
bioconcentrating capability is well below that of hyperaccumulator plants (Burken
and Schnoor 1998; Sebastiani et al. 2004). Decontamination of soil from radio-
active contaminants by phytoremediation has been reported (Van denhove 2013).
Two novel approaches, the use of agrobacterium transformed plant roots and
mycelia cultures of fungi have been reported as research tool in the study of
remediation of contaminated soil by Wenzel et al. (1999).

Phytoremediation is often also referred as botanical bioremediation or green
remediation (Chaney et al. 1997). It involves the repeated cropping of plants on
heavy metal contaminated soils until the soils metal concentrations have reached
acceptable levels. After each cropping, the plant biomass is removed from the area
and may be washed to reduce its volume where upon it can be stored in an
appropriate area that does not pose a risk to the environment (Raskin et al. 1994;
Chaney et al. 1997). Currently phytoremediation is used for treating many classes
of contaminants including elemental (heavy metals and radionuclides) as well
as organic pollutants (PCBs, PAHs, nitroaromatics) (Cunningham et al. 1996;
Dushenkov 2003). This is most applicable to shallow soils with low levels of
contamination. The main disadvantage is that longer times are required compared
to other methods. Phytoremediation can be classified according to the mechanism
and nature of contaminant (Table 17.1).

17.4.6.1 Phytoextraction

It is the biological approach to remove the contamination primarily from soil and
isolate it, without destroying the soil structure and fertility. It is also called phy-
toaccumulation. It is the process that involves the uptake and translocation of
heavy metals by roots into the above ground portions of ‘‘hyperaccumulator’’
plants (Brown et al. 1994) (Table 17.2).
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In phytoextraction practice, metal accumulating plants are seeded or trans-
planted into metal polluted soil, and are cultivated using established agricultural
practices. The roots of established plants absorb metal elements from the soil and
translocate them to the above-ground shoots where they accumulate. After suffi-
cient plant growth and metal accumulation, the above-ground portions of the plant
are harvested and removed, resulting in the permanent removal of metal from the
site. Following harvesting of pollutant-enriched plants the weight and volume of
contaminated material can be further reduced by washing or compositing. Metal
enriched plants can be disposed of as hazardous material or, if economically
feasible, used for metal recovery (Cunningham and Ow 1996). Phytoextraction of
metals for commercial gain is called phytomining (Au, Tl, Ni) (Chaney et al.
1998). This approach is suitable to remove most metals (such as Pb, Cd, Ni, Cu,
Cr) and excess nutrient from contaminated soils. Examples of plant species
(Table 17.2) used are plants belonging to Brassicaceae family, such as Thlaspi sp.,
Brassica sp., (Kumar et al. 1995a, b), and Alyssum sp. (Kramer et al. 1996).
Radioactive contaminants have also been decontaminated by phytoextraction (Van
denhove 2013) (Fig. 17.3).

There are two basic strategies of phytoextraction namely continuous phytoex-
traction and chelate assisted or induced phytoextraction. Continuous phytoex-
traction is the removal of metals, which depends on the natural ability of the plant
to extract extraordinarily metal concentration from metal contaminated soil.
Natural hyperaccumulators have the ability to solubilize readily available metals
from the soil matrix, efficiently absorb them into the root, and translocate them to
the shoot and storage in a non-phytotoxic form in the aerial portions (Pollard et al.
2002). Some of the natural metal accumulating plants secrete metal chelating
compounds such as ‘‘phytosiderophores’’ (mugenic acid) to the rhizosphere and
some secrete organic acids (citric, malic, and oxalic acid), which act as metal
chelators and decrease the rhizosphere pH, thus increase the bioavailability of
metals that are tightly bound to the soil and help to carry them into plant tissues
(Kinnersely 1993; Nascimento and Xing 2006). The mycorrhizal fungi associated
to rhizosphere also play important role in metal (Chen et al. 2005; Khan 2005;
Abou-Shanab et al. 2006).

Table 17.1 Phytoremediation—on the basis of mechanism and nature of contaminant (Sheoran
et al. 2012)

No. Process Mechanism Contaminant

1. Phytostabilisation Complexation Inorganics

2. Phytoextraction Hyperaccumulation Inorganics

3. Phytovolatilization Volatilization by leaves Organics/inorganics

4. Phytodegradation/
phytotransformation

Degradation in plant Organics

5. Rhizofilteration Rhizosphere accumulation Organics/inorganics

6. Rhizodegradation Rhizosphere degradation Organics
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Table 17.2 Some of the plants with potential for phytoextraction of various metals (Sheoran
et al. 2011, 2012)

Metal Plant species References

Cadmium Chamomilla recutita Kral’ova and Masarovicova (2003)

Helianthus annus Fenus and MacNeil (2003)

Arabidopsis halleri Macnair (2002)

Brassica juncea Kumar et al. (1995a), Salt et al.
1995b, Ebbs and Kochian (1998),
Huang et al. (1997)

Thlaspi caerulescens Escarre et al. (2000), Lombi et al.
(2001), Basic et al. (2006), Keller
et al. (2006)

Salsola kali De la Rosa et al. (2004)

Hypericum perforatum Kral’ova and Masarovicova (2003)

Medicago sativa Drazic et al. (2006)

Zea mays

Copper Commelina communis Tang et al. (1997)

B. juncea Ebbs and Kochian (1998)

Ipomea alpina Malaisse et al. (1979), Baker and
Walker (1990)

Erica andevalensis Asensi et al. (1999)

Elsholtzia splendens Jiang et al. (2002)

Pelargonium species Krishnaraj et al. (1999)

Silene vulgaris Song et al. (2004)

Hirschfeldia incana

Haumaniastrum katangense,
Crepidorhopalon perennis, Acalypha
cupricola

Faucon et al. (2007)

Chromium Helianthus annus Davis et al. (2001)

Brassica juncea Kumar et al. (1995a), Huang et al.
(1997), Han et al. (2004)

Convolvulus arvensis Gardea-Torresdey et al. (2004a, b)

Pelaronium species Krishnaraj et al. (1999)

Prosopis species Aldrich et al. (2003)

Salsola kali Gardea-Torresdey et al. (2005)

Sutera fodina, Dicoma niccolifera,
Leptospermum scoparium, Genipa
americana

Typha spp. Barbosa et al. (2007)

Amaranthus viridis Dong et al. (2007)

Miscanthus Zou et al. (2006)

Oryza sativa Arduini et al. (2006),

Convonvulus arvensis Bhattacharyya et al. (2005)

Leucaea leucocephalla Gardea-Torresdey et al. (2004a, b)

Willows (Salix sp.) Rout et al. (1999)

Loilium perenne Yu and Gu (2008)
(continued)
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Table 17.2 (continued)

Metal Plant species References

Vernay et al. (2007)

Mercury Eichhornia crassipes Riddle et al. (2002)

Nickel Psyshotria douarrei Davis et al. (2001)

Brassicae juncea Ebbs and Kochian (1998)

Thlaspi goesingense Reeves and Baker (1984)

Streptanthus polygaloides Reeves et al. (1981)

Alyssum bertoloni Minguzzi and Vergnano (1948)

Berkheya codii Robinson et al. (1997a)

Alyssum murale Robinson et al. (1997b)

Bani et al. (2007), Chaney et al.
(2008)

Alyssum narkgrafii Vinterhalter and Vinterhalter (2005)

Perrier et al. (2004)

Sebertia acuminate Phyllanthus species,
Euphorbia helenae, Leucocroton
flavicans, L. linearifolius

Berazain et al. (2007a, b)

Lead Dittrichia viscose Melendo et al. (2002)

B. pekinesis, B.campetris, B. carinata,
B. juncea, B. napus, B. nigra, Helianthus
annus, Pisum sativum

Thlaspi rotundifolium Zea mays Blaylock et al. (1997), Ebbs and
Kochian (1998)

Sesbania drummondii Reeves and Brooks (1983)

Pelargonium species Huang and Cunningham (1996)

Vetiveria zizaniodes Sahi et al. (2002)

Pelargonium crispum Krishnaraj et al. (1999)

Helianthus annus, Triticum aestivum L.,
Trifolium respens L.

Chen et al. (2000), Boonyapookana
et al. (2005), Krishnaraj et al. (2000)

Vicia faba Yang et al. (1996)

B. juncea Srivastava et al. (2005)

Hemidesmus indicus Liu et al. (2000), Clemente et al.
(2005)

Chandra Sekhar et al. (2005)

Zinc Sedum alfredii Long et al. (2002), Yang et al. (2002)

B. juncea, B.napus, B.rapa, Hordeum
vulgare, Avena sativa,

Ebbs and Kochian (1997), (1998),

Arabidopsis halleri Dahmani-Muller et al. (2000),

Viola calaminaria, Thlaspi calaminare McGrath et al. (2006)

Baumann (1885)

Thlaspi careulescens Baker and Walker (1990), Li et al.
(2006)Polygonium aviculare

Gonzalez and Gonzalez-Chavez
(2006)

(continued)
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Table 17.2 (continued)

Metal Plant species References

Selenium B.napus, Festuca arundianacea,
Hibiscus cannabinus

Astragalus racemose Banuelos et al. (1997)

Sinapis arvensis Rosenfeld and Beath (1964)

Astragallus bisulcatus Hambuckers et al. (2008)

Grindelia squarosa, Stangeria pinnata Smrkolj et al. (2007)

Larrea tridentate, Salvia roemeriana Goodson et al. (2003)

Dryopteris fern, Pteris genera Cruiz-Jimenez et al. (2005)

Typha spp. Srivastava et al. (2005)

Pollard et al. (2007)

Uranium B. chinensis, B. juncea, B. narinosa,
Amaranthus species

Huang et al. (1998)

Uncinia leptostachya, Coprosma
arborea

Whiting et al. (2004), Chang et al.
(2005)

Picea mariana Babula et al. (2008)

Thallium Iberis intermedia, Biscutela laevigata Anderson et al. (1999), Leblanc et al.
(1999)

Zea mays, B. napus

Hirschfeldia incana, Diplotaxis
catholica

Madejon et al. (2007)

Lolium perenne, B. napus, Phaseolus
vulgaris

B. oleracea acephala, Makridis et al. (1996)

Iberis intermedia Al-Nazar et al. (2005)

Cobalt Haumaniastrum roberti Brooks (1977)

Haumaniastrum katangense,
Crepidorhopalon perennis, Acalypha
cupricola

Faucon et al. (2007)

Anisopapus chinesis

Arsenic B. junceae Pickering et al. (2000)

Pteris vittata(Brake fern) Ma et al. (2001), Caille et al. (2004)

Eleocharis spp., Flores-Tavizon et al. (2003)

Pityrogramma calomelanos Francesconi et al. (2002)

Pteris cretica, Pteris longifolia, Pteris
umbrosa

Zhao et al. (2002)

Gold B. junceae, Anderson et al. (1999)

B. codii, Chicory Lamb et al. (2001), Msuya et al.
(2000)C. linearis

Gardea-Torresdey et al. (2005)

(continued)
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17.4.6.2 Phytostabilization

Phytostabilization, also known as phytorestoration, is a plant-based innovative
remediation technique that stabilizes wastes and prevents exposure pathways via
wind and water erosion; provides hydraulic control, which suppresses the vertical
migration of contaminants into ground water, and physically and chemically
immobilizes contaminants by root sorption and by chemical fixation with various
soil amendments (Cunningham et al. 1995; Salt et al. 1995a; Berti and Cunn-
ingham 2000). It may also serve as an interim strategy to reduce risk at sites where
complications delay the selection of the most appropriate technique for the site
(Fig. 17.4 and Table 17.3).

Table 17.2 (continued)

Metal Plant species References

Silver B. juncea, Medicago sativa Harris and Bali (2008)

Borovicka et al. (2007)

Amanita strobiliformis

Manganese Macadamia neurophylla Brooks (1997)

Phytolacca acinosa Xue et al. (2004)

Platinum Sinapis alba Alt et al. (1998), (Kologziej et al.
2007), Babula et al. (2007)

Lolium perenne

Table 17.3 Some of the plants with potential for phytostabilization of various metals

Plant species Metals References

Agrostis tenuis, Festuca rubra L. Pb, Zn, Cu Smith and Bradshaw (1992)

Sesbania rostrata Pb, Zn Yang et al. (1997)

Cynodon dactylon and Festuca rubra, Typha
latifolia, Phragmites australis

Pb, Zn, Cu Wong, (1982), Ye et al.
(1997, 1998)

Paspalum notatum, C. dactylcon, Imperata
cyclindrica

Pb, Zn Shu et al. (2000)

Lolium italicum, Festuca arundinaceae Pb, Zn Rizzi et al. (2004)

Hyparrhenia hirta, Zygophyllum fabago Pb, Zn, Cu Conesa et al. (2006)

Horedeum vulgare, Lupinus angustifolius,
Secale cereale

As Mains et al. (2006a, b)

B. juncea Cd
Zn, Cu, Mn,
Fe, Pb, Cd

Bolan et al. (2003),
Clemente et al. (2003, 2006)

Anthyllss vulneraria, Festuca arvernensis,
Koeleria vallesiana, Armeria arenaria

Zn, Cd, Pb Frerot et al. (2006)

H. hirta, Z. fabago Pb, Zn, Cu Conesa et al. (2006)
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For phytostabilization, the normal practice is to choose drought-resistant, fast
growing crops or fodder, which can grow in metal contaminated and nutrient
deficient soils. Plant should also be poor translocator of metal contaminants to
above-ground plant tissues that could be consumed by humans or animals, the lack
of appreciable metals in shoot tissues also eliminates the necessity of treating
harvested shoot residue as hazardous waste. Metal tolerant plant species
(Table 17.4) immobilize heavy metals through adsorption and accumulation by
roots, absorption on to roots, or precipitation within the rhizosphere (Flathman and
Lanza 1998). Phytostabilization also involves soil amendments (organic matter) to
promote the formation of insoluble metal complexes that reduce biological
availability and plant uptake, thus preventing metals from entering the food chain
(Berti and Cunningham 2000).

Table 17.4 Some of the plants with potential for phytovolatilization of Hg and Se

Plant species Metals References

Arabidopsis thaliana Hg Rugh et al. (1996)

Liriondendron tulipifera Rugh et al. (1998)

Nicotiana tabacum

Astragalus racemosus Se Evans et al. (1968)

Brassica juncea Pilon-Smits (2005)

Salicornia bigelowii Pilon-Smits et al. (1999)

Typha latifolia

Fig. 17.3 Schematic
diagram showing mechanism
of phytoextraction
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17.4.6.3 Phytovolatilization

This involves use of naturally occurring or genetically modified plants that are
capable of absorbing elemental forms of metal contaminants of subgroups II, V,
and VI of the periodic table, such as As, Hg, and Se from the soil, and biologically
converting them to gaseous species in the plant and releasing them into the

Fig. 17.4 Schematic
diagram showing mechanism
of phytostabilization

Table 17.5 Some of the plants with potential for rhizofilteration of various metals

Metals Plant species References

As, Cd, Cr, Ni,
Pb, Zn

Eichnornia crassipes
Populus sp., Thlaspi sp.

Zhu et al. (1999), Mangabeira et al.
(2004), Salt et al. (1995a, b)

Fe, Cu, Cr Lemna minor, Azolla pinnata Jain et al. (1989)

Cr Hydrocotyle umballata Yong-pisanphop et al. (2005)

Cr Bacopa monnieri Mangabeira et al. (2004),

Pb, Cu, U, Sr,
Cs, Co Zn

Helianthus annus Dushenkov et al. (1995)

Cr Spirodela polyrhiza Appenroth et al. (2000)

Pb, Ni, Cd, Zn,
Cd, Cr, Cu

Brassica juncea Raskin et al. (1997)

Pb Hemidesmus indicus Sekhar et al. (2004)
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atmosphere (LeDuc et al. 2004). The well-known example of genetic manipulation
is the transfer and expression of a modified E. coli Hg2+ reductase gene (merA9pe)
in transgenic Arabidopsis thaliana plants (Rugh et al. 1996). Bacteria possessing
merA are capable of converting highly toxic, Hg2+ to less toxic elemental Hg.
Thus, expression of merA in transgenic plants helps the removal of elemental Hg
as vapors through natural mechanisms of respiration. Rugh et al. (1998) also
examined the ability of yellow poplar (Liriondendron tulipifera) tissue cultures
and plantlets to express modified mercuric reductase (merA) gene constructs
(Table 17.4).

Phytovolatization potentially offers a low cost alternative for Se removal from
soil and water. During the process of Se volatilization, plants metabolize various
inorganic species of Se [e.g., selenate, selenite, and Se-Met (Met)] into a gaseous
form dimethyl selenide, the major volatile form of Se, is more than 600 times less
toxic than inorganic forms (Evans et al. 1968; Berken et al. 2002; Neumann et al.
2003). Terry et al. (1992) reported that members of Brassicaceae are capable of
releasing up to 40 g Se/ha/day as various gaseous compounds. Indian mustard
(Brassica juncea) has a high rate of Se accumulation and volatilization, and a fast
growth rate, making it a promising species for Se remediation (Pilon-Smits 2005).
Some aquatic plants, such as cattail (Typha latifolia L.), have potential for Se
phytoremediation (Pilon-Smits et al. 1999). Volatilization of arsenic (As) as
dimethylarsenite has also been postulated as a resistance mechanism in marine
algae (Salt et al. 1995a, b). Phytovolatilization has been successful in tritium (3H),
a radioisotope of hydrogen; it is decayed to stable helium with a half-life of about
12 years reported by Dushenkov (2003). This remediation method has the added
benefits of minimal site disturbance, less erosion, and no need to dispose of
contaminated plant material (Heaton et al. 1998). However, phytovolatilization

Table 17.6 Plant enzymes that have a role in transforming organic compounds (Susarla
et al.2002)

Enzymes Plants known to produce enzymatic
activity

Application

Dehalogenases Hybrid poplar (populus spp.), algae
(various spp.), Parrot feather
(Myriophyllum aquaticum)

Dehalogenates chlorinated solvents

Laccase Stonewort (Nitella spp.), parrot-
feather (Myriophyllum aquaticum)

Cleaves aromatic ring after TNT is
reduced to triaminotoluene

Nitrilase Willow (Salix spp.) Cleaves cyanide groups from
aromatic rings

Nitroreductase Hybrid poplar (Populus spp.),
Stonewort (Nitella spp.), parrot
feather (Myriophyllum aquaticum)

Reduces nitro groups on explosives
and other nitroaromatic compounds,
and removes nitrogen from ring
structures

Peroxidase Horseradish (Armoracia rusticana
P.Gaertner, Meyer & Scherb)

Degradation of phenols (mainly used
in wastewater treatment)

Phosphatase Giant duckweed (Spirodela
polyrhiza)

Cleaves phosphate groups from large
organophosphate pesticides
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should be avoided for sites near population centers and at places with unique
meteorological conditions that promote the rapid deposition of volatile com-
pounds. Hence, the consequences of releasing the metals to the atmosphere need to
be considered carefully before adopting this method as a remediation tool (Suko
et al. 2006; Padmavathiamma and Loretta 2007).

17.4.6.4 Rhizofilteration/Phytofilteration

Plant assisted technique, which involves the use of both terrestrial and aquatic
plants, to absorb, concentrate, and precipitate contaminants in the aqueous system
has low contaminant concentration in their roots or seedlings (blastofilteration)
(Dushenkov et al. 1995; Prasad and Frietas 2003). Mechanisms involved in rhi-
zofilteration include chemisorption, complexation, ion exchange, micro precipi-
tation, hydroxide condensation onto the biosurface, and surface adsorption
(Gardea-Torresdey et al. 2004a, b). Root exudates and changes in rhizosphere pH
also may cause metals to precipitate onto root surfaces. As they become saturated
with metal contaminants, roots or whole plants are harvested for disposal (Flath-
man and Lanza 1998). Rhizofilteration can partially treat industrial discharge,
agricultural runoff, or acid mine drainage. It can be used for Pb, Cr, Cd, Ca, Cu,
Ni, and Zn, excess nutrients, and radionuclides (U, Cs, Sr), which are primarily
retained with the roots (Ensley 2000) (Table 17.5).

17.4.6.5 Phytodegradation

It involves the breakdown of organics to simpler molecules that are incorporated
into the plant tissues. Plant contains enzymes or enzyme cofactors that can
breakdown and convert ammunition wastes, chlorinated solvents such as trichlo-
roethylene and other herbicides (Newman and Reynolds 2004). Various plant
species that can degrade aromatic rings in the absence of microorganisms have
been described by Dec and Bollag (1994) and Singh and Jain (2003). Polychlo-
rinated biphenyls (PCBs) have been metabolized by sterile plant tissues. Phenols
have been degraded by plants, such as horseradish, potato (Solanum tuberosum),
and white radish (Raphanus sativus) that contain peroxidases (Roper et al. 1996).
Poplar trees (populus species) are capable of transforming trichloroethylene in soil
and ground water (Newman et al. 1997). The enzymes are usually dehalogenases
(transformation of chlorinated compounds), peroxidases (transformation of phe-
nolic compounds), nitroreductases (transformation of explosives and other nitrated
compounds), nitrilase (transformation of cyanated aromatic compounds), and
phosphatases (transformation of organophosphates pesticides (Boyajian and Car-
riera 1997) (Table 17.6).
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17.4.6.6 Rhizodegradation

Rhizodegradation is a biological treatment of a contaminant by enhanced bacterial
and fungal activity in the rhizosphere of certain vascular plants. The rhizosphere is
a zone of increased microbial density and activity at the root surface, and was
described originally for legumes. Plants and microorganisms often have symbiotic
relationships making the root zone or rhizosphere an area of very active microbial
activity (bacteria and fungi) (Kirk et al. 2005). Plant litter and root exudates
provide nutrients such as nitrate and phosphate that reduce or eliminate the need
for costly fertilizer additives. Plant roots penetrate the soil, providing zones of
aeration and stimulate aerobic biodegradation (Anderson et al. 1993).

Many plant molecules released by root dies and this exudation resembles
common contaminants chemically and can be used as co-substrates. For example,
phenolic substances released by plants have been found to stimulate the growth of
PCB degrading bacteria (Fletcher and Hegde 1995). Recent studies have described
enhanced degradation of pentachlorophenol in the rhizosphere of wheat grass
(Agropyron cristatum), increased initial mineralization of surfactants in soil-plant
cores, and enhanced degradation of TCE in soils collected from the rhizospheres
(Knabel and Vestal 1992; Ferro et al. 1994).

17.4.7 Biochar

It is environmental friendly, carbon rich, fine grained, and porous substance, which
is produced by thermal decomposition of several kinds of biomass under oxygen-
limited conditions and at a relatively low temperatures, and have the capability of
moisture and nutrients retention (Tang et al. 2013). It can also mitigate climate
change by sequestrating C from atmosphere into the soil (Marris 2006) and also
improve soil properties and enhance recycle of agricultural and forestry waste
(Luo et al. 2011), and also microbial activity (Lehman et al. 2011). Amendment by
adding biochar in the soil with poor fertility can improve the crop yield. It has been
reported by various studies that biochar acts as an efficient sorbent of various
organic and inorganic contaminants because of its increased surface area and
special structure. Biochar can also be used for heavy metal removal from con-
taminated soils. Several kinds of organic waste like animal manure, woodchips,
and crop waste can serve as source materials of biochar, thus showing a rela-
tionship among biochar, waste recycle, and soil decontamination.

Surface adsorbtion and partition of pollutant molecules in the micropores of
biochar enhances the bioremediation process .However, from different point of
view, further studies on the safety uses of biochar is needed to be carried out
(Beesley et al. 2011).
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17.5 Special Techniques

17.5.1 Electrokinetic Enhanced Phytoremediation

Electro-kinetic remediation is an environmental restoration technique, which
involves energy application of a low DC current or a low potential gradient, in the
order of mA/cm2, to the two electrodes that are inserted into the sediments and
encompass the contaminated zone. The application of the electric potential causes
the ions to move to their respective electrodes designated as cathode and anode for
subsequent removal out of the contaminated soil. It is especially designed for the
in situ remediation of the contaminated soils (Cameselle et al. 2013). The electro-
kinetic technology has been researched for over last two decades for the decon-
tamination of soil. It helps in removal of heavy metals, recalcitrant, and hydro-
phobic organic contaminants.

Cameselle et al. (2013) reported the development of new coupled technology of
electro-kinetic enhanced phytoremediation. This technology may lead to more
effective and efficient remedial strategy as compared to the sequential use of these
individual technologies (Fig. 17.5).

Basically, the coupled phytoremediation–electrokinetic technology consists of
the application of a low intensity electric field to the contaminated soil in the
vicinity of growing plants. The electric field may enhance the removal of the
contaminants by increasing the bioavailability of the contaminants by desorption
and transport of contaminants, even over short distances (Cameselle et al. 2013).

Variables that affect the coupled technology are: the use of AC or DC current,
voltage level and mode of voltage application (continuous or periodic), soil pH
evolution, and the addition of facilitating agents to enhance the mobility and
bioavailability of the contaminants.

In the coupled phytoremediation-EK technology, the removal or degradation of
the contaminants is performed by the plants; where as the electric field enhances
the plant activity by increasing the bioavailability of the contaminants. Since the

Fig. 17.5 Schematic
principle of electro-kinetic
soil remediation
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electric field efficiency drives increased amount of soluble heavy metals toward
plant roots, which results in stress conditions for the plants, hyperaccumulator
plant with a rapid growth period are considered the best candidates for use in
combination with EK technique .Phytoremediation can be applied after EKR to
remove residual concentration of contaminants, and to achieve cleaner soil (Wan
et al. 2012). The coupled EK–phytoremediation technology has showed very
promising results for the restoration of heavy metal contaminated soils, and may
lead to more effective and efficient remedial strategy as compared to the sequential
use of these technologies (Cameselle et al. 2013).

17.6 Conclusion and Future Scope

Soil contamination is a global concern and disrupts the health of the biosphere in
numerous ways; as a result reduces the capacity of the soil to meet the needs of
future generation. There is an urgent need to develop an effective and affordable
technological solution. There are physical, chemical, and biological methods
available for such remediation, but effective remediation of polluted soils requires
accurate information on the distribution and behavior of contaminants as they
interact with soil and broader environment. The selection of each technique is site
specific. On site with a range of organic and inorganic pollutants present, com-
bination of different treatment approaches may offer the best prospect for effective
remediation. Physical treatment process is an inexpensive comparison to chemical
treatment, but most methods of physical treatments remove pollutants from the
complex polluted form for further treatment or disposal. Chemical process con-
verts the pollutant into less toxic form, or to extract them, or to immobilize them.
This is highly scientific and technical process, and requires expert manpower with
technological resources. Chemical additives increase the remediation cost and
in situ application also increases the chances of leaching of pollutant to the other
uncontaminated area and ground water. More field demonstrations are required to
match reactive media with contaminants, model lifetime performance, optimize
retention times, and develop methods for regeneration of reactive media. Bio-
logical methods include microorganisms (bacteria), soil invertebrates, and plant.
Various field of research are needed to optimize the efficiency of biological
methodology including identification of microorganisms capable of promoting
their degradation, and better systems for delivering microbes, and nutrients to
pollutants. Phytoremediation is environment friendly and cost-effective emerging
new technology for remediation of low to moderate area of contamination as well
as have important role in ecology restoration. The majority of the research for
phytoremediation has been conducted in laboratories under relatively controlled
conditions for short period of time.

Finally, to optimize the ecologic and economic efficiencies, it must be recog-
nized that we need to focus more on ecological engineering approach, which is
more sustainable. Assessing remediation progress and efficiency is also important,
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especially because pollutants are rarely completely destroyed or removed from
polluted soils and evaluation of remediation has focused on the extent to which
they achieve acceptable reductions in the risks posed by pollutants. Although it is
clear that remediation of environment contamination is important, the need of the
hour is to shift the focus from remediation to prevention for sustainable future.
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Chapter 18
Microbial Fuel Cells for Wastewater
Treatment

Cuijie Feng, Subed Chandra Dev Sharma and Chang-Ping Yu

Abstract Microbial fuel cells (MFCs), which are the bioelectrochemical systems,
have been developed rapidly over the past few decades and are considered as a
promising technique to obtain renewable resources from wastewater. MFCs can be
used to harness electricity from microorganisms during wastewater treatment. This
chapter reviews recent literature on MFCs for wastewater treatment. We first
introduce the concept of MFCs and summarize the materials and design of MFCs
afterward. It shows that through innovative materials and design, the current
density of MFCs has been greatly improved during the last decade. Microorgan-
isms play a major role in the electricity production of MFCs and therefore, an
in-depth discussion of the microbiology of MFCs was also included in this chapter.
Extensive studies on exoelectrogenic bacteria and consortia are beginning to
expose the mechanistic and ecological complexities of MFC biofilm communities.
Yet, our understanding of electrochemically active microbes is still in its infancy,
as the diverse communities have a multitude of undiscovered populations in dif-
ferent MFC applications. Further study is warranted to optimize design, materials,
and microbiology to improve electricity recovery from MFCs.

18.1 Introduction

Wastewater treatment currently consumes substantial energy about 15 GW
(McCarty et al. 2011), or accounts for approximately 3 % of the U.S. electrical
energy load (EPA Office of Water 2006), and has similar level to that in other
developed countries (Curtis 2010). However, there is abundant potential energy of
approximately 17 GW of power (1.5 9 1011 kWh) contained in domestic,
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industrial, and animal wastewater together (Logan 2004). Thus, capturing part of
this energy would provide a new source of electrical power and would also
compensate the consumption of energy for wastewater treatment.

Recently, microbial fuel cells (MFCs) (Allen and Bennetto 1993; Logan et al.
2006; Lovley 2006), which are the bioelectrochemical systems, are generally
regarded as a promising and sustainable technology for their direct electrical
power production from wastewaters (Rabaey and Verstraete 2005). A conventional
MFC consists of a biological anode and a cathode (Fig. 18.1a), where exoelec-
trogenic microorganisms could catalyze electrochemical reactions through inter-
action with the electrodes (Logan et al. 2006; Rabaey et al. 2007; Clauwaert et al.
2008). The electrons available through the metabolism of the electron donors by
microorganisms are transferred to the anode and then to the cathode through the
circuit; in the cathode, the oxidant is reduced with the consumption of protons
available through the membrane from the anode (Allen and Bennetto 1993).

In terms of potential applications, MFCs and related bioelectrochemical systems
can be utilized for renewable energy generation and wastewater treatment,
i.e., organic matter elimination and nitrogen removal (Logan and Regan 2006b;
Clauwaert et al. 2007; Rozendal et al. 2008; Yu et al. 2011), for the potential
production of valuable products, such as hydrogen, methane or hydrogen peroxide
(Liu et al. 2005c; Rozendal et al. 2006, 2009), for bioremediation of recalcitrant
compounds (Catal et al. 2008; Morris and Jin 2008), for desalination (Forrestal et al.
2012; Yuan et al. 2012; Feng et al. 2013a), and as biosensors for on-line monitoring
of treatment processes (Kim et al. 2007b) and biological oxygen demand or toxic
contaminants in wastewater (Kim et al. 2003; Chang et al. 2004; Kim et al. 2007b).
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open air cathode
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Recent investigations have shown that during the last 10 years, the current
density of MFCs has been improved by 10,000-fold (Debabov 2008). Power
densities of MFCs have increased from less than 1 W/m3 to over 4000 W/m3,
which is the highest MFC power density reported up to date (Logan 2008;
Biffinger et al. 2009). Despite their potential applications and continuously
improved power, limited maximum power production by these systems impedes
commercial applications of bioelectrochemical wastewater treatment, primarily
because of high internal resistance including anode limitations and electrochem-
ical losses. Improvements of power generation are also dependent on the materials
and design of MFCs and capabilities of the microorganisms. Analysis of the
community profiles of exoelectrogenic microbial consortia shows great diversity,
ranging from primarily d-Proteobacteria that dominate in sediment MFCs to
communities composed of a-, b-, c- or d-Proteobacteria, Firmicutes, and
uncharacterized clones in other types of MFCs. Much remains to be discovered
about the physiology of these bacteria (collectively referred to as exoelectrogens)
capable of exocellular electron transfer.

This chapter is intended to provide an overview of recent development and
challenges in MFCs with a special focus on the materials, design, and microbi-
ology of MFC research. Since microorganisms play a crucial role in the MFCs,
comprehensive reviews focused on isolated exoelectrogens that have been iden-
tified to produce electricity, their mechanisms of exocellular electron transfer, and
the microbial communities found in MFCs. In the end, the prospects for this
emerging bioelectrochemical technology were discussed.

18.2 History of MFCs

Currently, MFCs have been recognized as a promising green technology for the
generation of electricity through the microbial oxidation of biodegradable organic
matters. The concept of generating electricity by bacteria was introduced more
than 100 years ago. The electricity generated by microorganisms was firstly
demonstrated in 1911 by Potter, a Professor of Botany Department at the Uni-
versity of Durham (Potter 1911). To examine the electricity producing capability
of microorganism, he conducted his experiment using yeast and certain other
bacteria in an apparatus consisted of a glass jar containing a porous cylinder. He
observed that Saccharomyces cerevisiae and Bacillus coli communis (now called
Escherichia coli) produced electric current when glucose was used as substrate.
After that there was no important research on MFCs up to 1966 (Lewis 1966) and
most studies on MFCs did not appear until the late twentieth century. However,
experiments carried out by researchers used artificial electrochemical mediators to
facilitate electron transfer between microbes and electrodes. Thurston and his
colleagues used thionine as a redox mediator and Proteus vulgaris culture as
catalyst in a two-chamber MFC to evaluate coulombic yield from glucose oxi-
dation (Thurston et al. 1985). These chemicals were considered important for
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obtaining a higher electron transfer rate and electron recovery between microbial
cells and electrodes. In 1999, a breakthrough in MFCs was published by Kim and
his colleagues, who showed that exogenous mediators were not necessary to be
added to transfer electrons from bacterial cells to electrodes and they developed
the first mediator-less MFC using a Fe(III)-reducing bacterium, Shewanella
putrefaciens IR-1 (Kim et al. 1999). The cell suspension of Shewanella putre-
faciens IR-1 was able to generate current without redox mediator in the presence
of lactate as the main carbon source. Another important bacterium Geobacter
sulfurreducens can transfer electrons to electrode in the absence of the mediators
with high current generation (Bond and Lovley 2003) and has become an
important issue on MFC research. After the discovery of mediator-less MFCs,
scientists have become more interested to do research on MFCs, especially in
wastewater treatment because mediator-less MFCs provide a more practical and
promising approach to recover electricity from organic waste and wastewater
through microbial systems (Liu and Logan 2004; Min and Logan 2004). Presently
many research laboratories have been engaged in improving MFC technologies to
enhance the electricity production and efficient removal of wastewater by
designing different configurations of MFCs such as single chamber MFC, tubular
MFC (Rabaey et al. 2005b), stacked MFC (Aelterman et al. 2006) and also
membrane-less MFC (Feng et al. 2013b). The advancement of research on MFCs
in the future may be the solution to energy scarcity and the clean-up of wastewater.
Thus, MFCs have received a great deal of attention as a novel green technology for
alternative energy generation and wastewater treatment.

18.3 Design and Operations of MFCs

An appropriate design and architecture is of great significance for improving
performance in MFC systems (Du et al. 2007; Pant et al. 2010). The mode of
operation and components of a typical two-chamber and a single-chamber MFC
are shown in Fig. 18.1.

18.3.1 Two-Chamber MFC Systems

Traditional two-chamber MFCs consist of an anaerobic anode chamber and an
aerobic cathode chamber separated by a proton exchange membrane (PEM) or
sometimes a salt bridge, allowing proton transfer from anode to cathode and
preventing oxygen diffusion to the anode chamber, as shown in Fig. 18.1a.
Regardless of the problems in scale-up, the dual-chamber MFCs have remained
the most popular devices for testing microbial activity and optimizing materials.
There are a variety of designs and structures occurred based on the principles of
two chamber MFC systems, e.g., the widely used and inexpensive H-type MFCs
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(Min et al. 2005) and U-shaped MFCs (Milliken and May 2007) (Fig. 18.2a, b). In
the H-configuration, the membrane is clamped in the middle of the tubes connecting
the bottle. Although H-shape systems are usually available for basic parameter
research, they generate low power densities. This may attribute to high internal
resistance and electrode-based losses. Oh and colleagues demonstrated that the
power densities had a close relationship with the relative sizes (cross sections) of the
cathode to that of the anode and the membrane (Oh et al. 2004; Oh and Logan 2006).

Ringeisen and colleagues provided a miniature configuration of MFC (Mini-
MFC) with a total volume of 1.2 cm3 (Fig. 18.2c) (Ringeisen et al. 2006). As the
result of its specific structure, the mini-MFC maintains a large surface area to
volume ratio when graphite felt electrodes were used, enabling high power den-
sities to be attained. Min and Logan (2004) designed a Flat Plate MFC (FPMFC) to
treat domestic wastewater. The FPMFC was comprised of a single channel formed
between two nonconductive (polycarbonate) plates that were separated into two
halves by the electrode/PEM assembly (Fig. 18.2d). The anode electrode was a
plain porous carbon paper (10 9 10 cm2), while a carbon cloth combining a
platinum catalyst (0.5 mg/cm2 catalyst containing 10 % Pt) servers as cathode
electrode. The wastewater was fed into the anode chamber and dry air could pass
through the cathode chamber without any catholyte, both in a continuous flow
mode. Average power density was obtained at 72 mW/m2 (Min and Logan 2004).

Another reactor design, named upflow MFC (UMFC) working in continuous
flow mode, was first tested by He et al. (2005) (Fig. 18.2e). Its configuration was
improved by combining the advantages of upflow anaerobic sludge blanket sys-
tem, which were operated in continuous mode. Another UMFC with a U-shaped
cathode installed inside the anode chamber was developed based on the above
configuration (He et al. 2006) (Fig. 18.2f). A U-shaped cathode compartment with
a 2 cm diameter was constructed by gluing two tubes made from PEM into a
plastic base connector. In addition to a practical configuration, UMFC achieved
promising power outputs with a maximum volumetric power density of 29.2 W/m3

with an overall internal resistance of 17.3 X (He et al. 2006). They suggested that
the main limitation to power generation was the internal resistance. Overall, these
systems seem to be more available for practical implementation as they are rel-
atively easy to scale up.

18.3.2 Single-Chamber MFC Systems

In the single-chamber MFC (SCMFC), the cathode is exposed directly to the air by
eliminating the cathodic compartment containing air-sparged solution (Park and
Zeikus 2003; Liu and Logan 2004; Liu et al. 2004) (Fig. 18.1b). They typically
possess only an anode chamber without the requirement of aeration in the cathode
chamber. In comparison with dual chamber system, a SCMFC provides the sim-
plified design, increased mass transfer to the cathode, cost savings and an overall
decrease in reactor volume.
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Liu et al. (2004) first demonstrated that domestic wastewater could be used as
the substrate in MFCs without actively feeding air into a cathode chamber. Their
MFC consisted of a single chamber with eight graphite electrodes (anodes) and a
single air cathode as shown in Fig. 18.3a. Most importantly, the promising idea of
using MFC technology to reduce energy costs in wastewater treatment was initi-
ated. A tubular MFC (TMFC), designed by Rebeay and colleagues (Rabaey et al.
2005b) was shown in Fig. 18.3b. The TMFC had a wet anode volume of 210 mL
and generated a maximum volumetric power of 90 W/m3 using graphite granules
as the anode and a ferricyanide solution in the cathode chamber. A relatively low
internal resistance of 4 X was achieved by sustaining a short distance between the
anode and cathode electrodes and a large PEM surface area. Rabaey et al. (2005b)
believed that the use of sustainable open air cathodes was a promising design for
practical implementation.

It has been demonstrated that power output can further be increased in a single-
chamber MFC by removing the PEM. Liu et al. (2004) found that there was a
significant rise in power density by a factor of approximately 1.9 for glucose and
5.2 for wastewater through removing the PEM from a single chamber MFC
(Fig. 18.3c). This increase was partly attributed to an enhancement of the proton
flux from the anode to the cathode. The lack of a PEM substantially reduce the
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Fig. 18.3 Schematics of typical single-chamber MFCs: a The first SCMFC for domestic
wastewater treatment; b Tubular MFC; c a lab-scale single-chamber MFC
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expenditure on the materials needed to make a MFC and eliminated the disturbing
biofouling of membrane. However, substantial oxygen diffusion into the anode
chamber in the absence of the PEM could occur to reduce the fraction of electrons
recovered as current.

18.3.3 Other MFC Configuration

Besides the above configurations, a series of variations on these basic designs have
emerged in order to achieve different purposes, such as increase of power density,
achieving continuous flow or nutrient removal. For example, to increase the overall
system voltage, MFCs can be stacked or linked together in series (Aelterman et al.
2006). Another type of MFC, nitrifying and denitrifying MFC for decentralized
wastewater treatment was reported by Feng et al. (2013b). Their MFC system was
built on the basis of conventional anoxic/oxic wastewater treatment system and
achieved the continuous flow mode by using a baffle with holes instead of PEM. An
integrated photobioelectrochemical system was constructed by installing a MFC
inside an algal bioreactor (Xiao et al. 2012). This system achieves the simultaneous
removal of organics and nutrients from a synthetic solution, and the production
of bioenergy in electricity and algal biomass through bioelectrochemical and
microbiological processes.

18.4 Materials

MFCs are generally made of three major parts: anode, cathode, and PEM (if
present). There are a variety of materials for their construction. Electrode materials
play an important role both in the performance and cost of MFCs. A good anode
material should have the following properties (Logan et al. 2006; Zhou et al.
2011): large surface area; excellent electrical conductivity, strong biocompatibil-
ity, chemical stability, appropriate mechanical strength and toughness. Up to now,
various materials are used for electrodes including carbon materials, e.g., carbon
paper (Liu et al. 2005a), carbon cloth, carbon felt (Chaudhuri and Lovley 2003)
and reticulated vitreous carbon (RVC) (He et al. 2005; Rabaey et al. 2005b),
graphite materials, e.g., graphite granules and graphite fiber brushes (Aelterman
et al. 2006; He et al. 2006; Rinaldi et al. 2008), etc. Since different electrode
materials vary obviously in their physical and chemical characteristics, they have
impacts on microbial attachment, electron transfer, electrode resistance and the
rate of electrode surface reaction. Thus, some strategies could be applied to boost
the performance in terms of increasing the surface area and the biocompatibility.
The anode materials could be fabricated with C/polyaniline (PANI) composites,
carbon nanofibers, or nitric acid carbon activation (Scott et al. 2007), or integration
of carbon nanotubes to PNAI (Qiao et al. 2007), etc.
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Cathodes are made from the same materials as anodes, and catalysts are usually
contained but not necessary. Because oxygen is the terminal electron acceptor in
most cases, the high overpotential arising from oxygen reduction reaction causes
the noncatalyst cathodes to be inefficient. Thus, catalysts and/or artificial mediators
are generally required to improve performance. They are generally mounted on the
cathodes with a binder such as Nafion (perfluorosulfonic acid) or polytetrafluo-
roethylene. Pt has become the most popular catalyst (Thurston et al. 1985), but its
high cost and reduced activities due to formation of a PtO layer on the electrode
surface restrict its practical application. For this reason non-Pt catalysts including
nonabundant metals, e.g., Pd or Ru (Vante and Tributsch 1986; Fernández et al.
2005; Raghuveer et al. 2005) and nonprecious materials, e.g., Fe, Mn and Co (Park
and Zeikus 2003) tend to be more appealing. They could exhibit essentially equal
or slightly better performance than the more expensive Pt. Among the non-Pt
catalysts, the most promising CoTMPP and iron (II) phthalocyanine (FePc) (Zhao
et al. 2005) were proved to be inexpensive and efficient alternatives for MFC
applications. Integration of noncorrosive metals (titanium and nickel) and carbon
fibers can be used as cathode materials as well (Hasvold et al. 1997; Zhao et al.
2009). Additionally, catalysts are not required for catholyte cathodes, which use
the redox mediators such as ferricyanide (Oh et al. 2004; Venkata Mohan et al.
2008) or permanganate (You et al. 2006). Using them as terminal electron
acceptors could result in alternative cathodic reactions and further improve power
output to 258 W/m3 (Aelterman et al. 2006). These catholytes seemed to be
impractical and unsustainable for practical application owning to the requirement
of regeneration of the chemicals. On the basis of the above introduction, a large
number of materials have been investigated to improve cathode performance.
However, their long-term stability on the cathode should be further evaluated for
future application.

The PEM is also an important component in the PEM-MFC configuration. It
provides a separation between the anode and cathode chambers and allows for
transport of positive charges to compensate the electron transport. Cur-
rently, the most widely used membrane material is NafionTM (Park and Zeikus
2000; Bond and Lovley 2003), which has set the industry standard for PEM. Its
properties have been extensively reviewed (Mauritz and Moore 2004). Obviously,
NafionTM was the predominant choices for current MFCs. Nevertheless, it has
been recently found that the use of NafionTM leads to some side effects such as pH
imbalance and power reduction (Gil et al. 2003; Kim et al. 2004). In addition to
NafionTM, polyether ether ketone (PEEK) is a promising polymer being actively
studied by the MFC researchers to overcome the drawbacks of NafionTM (Roziere
and Jones 2003; Mecheri et al. 2006). In fact, membranes can be omitted from the
bioelectrochemical configuration. The lack of a PEM could decrease the cost of the
materials for a MFC, but substantial oxygen diffusion into the anode chamber in
the absence of the PEM could reduce the fraction of electrons recovered as current.
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18.5 Exoelectrogens

In nature, there are many microorganisms possessing the ability to transfer
electrons derived from the metabolism of organic matters to the anode. Micro-
organisms capable of extracellular electron transfer are generally called ‘‘exo-
electrogens’’. These microorganisms attain their required energy by oxidizing
organic matter with the release of protons and electrons that are used in MFC to
produce electricity. Marine sediment, soil, wastewater, fresh water sediment and
activated sludge are rich sources for these microorganisms (Niessen et al. 2006;
Zhang et al. 2006). In the beginning, it was considered that only a few types of
bacteria were capable of producing electricity and most of them were gram neg-
ative Proteobacteria such as Shewanella putrefaciens (Park and Zeikus 2002),
Geobacter sulfurreducens (Bond and Lovley 2003), etc. However, now gram
positive bacteria also have been discovered to produce electricity, including
Clostridium butyricum within the Firmicutes (Park et al. 2001). The capability to
produce electricity generally depends on the nature of bacterial species and their
ability to utilize different substrates. Power generation also depends on the optimal
growth condition of bacteria, e.g., pH and temperature.

Up to now, most of isolated exoelectrogens are bacteria (Table 18.1) and were
isolated from different MFCs using large varieties of substrates. Scientists are
trying to discover new exoelectrogenic bacteria, which will have the capacity to
achieve high power density. The pure strain Geobacter sulfurreducens operated in
a two-chamber MFC with PEM and graphite electrode produced an electric current
density of 65 mA/m2 using acetate as the substrate (Bond and Lovley 2003). Other
pure strains such as Comamonas denitrificans DX-4 and Citrobacter sp. SX-1
produced the highest power and current density of 35 mW/m2 and 205 mA/m2

using acetate and citrate as electron donors in MFC respectively (Xing et al. 2010;
Xu and Liu 2011). One scientific report showed that power output in a MFC
inoculated with a pure culture (Geobacter metallireducens) or a mixed culture
(wastewater inoculums) was similar, with 40 ± 1 mW/m2 for Geobacter metal-
lireducens and 38 ± 1 mW/m2 for the wastewater inocula (Min et al. 2005).
However, Rhodopseudomonas palustris DX-1, isolated from an air cathode MFC,
produced electricity at higher power densities (2720 ± 60 mW/m2) than mixed
culture in the same device using complex substrates including volatile acids, yeast
extract and thiosulfate (Xing et al. 2008). In addition, some bacteria require
exogenous redox compound to increase maximum power production. For example,
Shewanella putrefaciens generated the maximum power density of 10.2 mW/m2

when operated in the absence of exogenous electron acceptors in a single cham-
bered MFC, but current production by Shewanella putrefaciens was enhanced
10-folds when an electron mediator, i.e., Mn4+ or neutral red was incorporated into
the graphite anode (Park and Zeikus 2002).
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18.6 Electron Transfer Mechanism of Exoelectrogens

The electron transfer mechanism is a key issue to understand the theory of how
MFCs work. Numerous investigations were conducted to study how electrons were
transferred from microbial cells to anode surface in the MFCs. There are generally
two main mechanisms that are direct or mediator-less and indirect or mediated
electron transfer (MET).

18.6.1 Direct or Mediator-Less Electron Transfer

Direct electron transfer (DET) requires a physical contact between the microbial
cell membrane or a membrane organelle and the electrode surface. Shewanella
putrefaciens (Kim et al. 2002), Geobacter sulferreducens (Bond and Lovley 2003),
and Geobacter metallireducens (Min et al. 2005) can effectively transfer electrons
directly to an electrode across the membrane. Some of DET bacteria transfer
electrons through direct attachment of cell membrane to anode (Fig. 18.4a), while
the rest use their pili or nanowires to transfer electrons to anode (Fig. 18.4b).
Generally c-type cytochromes associated with bacterial outer membrane and
conductive nanowires or pili can be used for DET (Peng et al. 2010).

18.6.2 Indirect or Mediated Electron Transfer

Although some bacteria can transfer electrons directly, many other microbes need
redox-active chemical species or mediators to carry out electron transfer to anode;
this type of mechanism is known as indirect or MET. In MET, direct contact
between the bacterial cell membrane and the electrode surface is not required, but a
redox mediator is essential. An electron mediator is a molecule that functions as an
electron shuttle between microbes and an electrode. Mediators in the oxidized state
are easily reduced by capturing electrons from within the bacterial cell membrane
or the cytoplasm (Fig. 18.4c). The reduced mediators after passing across the
membrane release their electrons to the electrode and become oxidized again in
anode chamber and thus are reutilized. Generally chemical mediators are supplied
from outside into the anode chamber of a MFC. Apart from externally provided
mediators, some microorganisms are able to excrete their own mediators such as
phenazine, 2-amino-3-carboxy-1,4-naphthoquinone and 2,6-di-tert-butyl-p-benzo-
quinone (Rabaey et al. 2005a; Freguia et al. 2009; Deng et al. 2010) that are used to
transfer electron from cytoplasm to anode (Fig. 18.4d). In addition, there is another
way by which some bacteria, especially fermentative bacteria, produce energy rich
reduced metabolites such as H2, ethanol or formate, which can be subsequently
oxidized to provide electron to anode (Schroder 2007) (Fig. 18.4e). Furthermore, in
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a synergistic biofilm consortium, it is likely that a nonelectrogenic microbe may
secrete mediators that may help the electrogenic microbe to perform better electron
transfer.

18.7 Microbial Community of Electroactive Biofilms

Biofilms more than ten micrometers in thickness are typically formed on the anode
surfaces (Bond and Lovley 2003). They contain a complex microbial population
(Kim et al. 2004; Rabaey et al. 2004), apart from the known electrogenic bacteria
(Geobacter, Shewanella). Identifying members of the microbial community will
be a valuable aid in terms of improving the performance of MFCs and a more
comprehensive understanding of the key microbes required for exoelectrogenesis.
Up to now, there are many publications associated with microbial communities in
MFCs by means of PCR-amplified 16S rRNA gene fragments and sequencing such
as denaturing gradient gel electrophoresis (DGGE) (Table 18.2). Analysis of the
populations inhabiting such systems demonstrates that microbial communities are
phylogenetically diverse in most MFCs. Microbial populations are affected by
numerous factors, such as the substrate, cultivation mode, system architectures,
anaerobiosis degree, as well as the conditions within the cathode chamber (Logan
and Regan 2006a).

The composition of substrates has a close relationship with the microbial
populations within the anode biofilms and MFC performance, as they serve as the
carbon (nutrient) and energy source for the microbiological process. Commonly,
the carbon sources contain pure compounds (acetate, glucose, lactic acid, etc.)
(Chaudhuri and Lovley 2003; Liu et al. 2005b) and a variety of wastewaters
(brewery, chocolate, meat packing and paper recycling wastewaters, etc.) (Feng
et al. 2008; Huang and Logan 2008). The pure substrate inoculated systems are
found to produce more power than those fed with wastewater perhaps as the result
of different solution conductivity and buffer capacity (Pant et al. 2010). Based on
16S rRNA gene sequences, the dominant community members in the MFCs with
pure substrate are more known exoelectrogens (Geobacter sp., Desulfuromonas
sp., Rhodopseudomonas sp., etc.) and other bacteria with special function, such as
Clostridium sp., which is useful for lignocellulose degradation in cellulose-fed
MFCs (Cheng et al. 2011) (Table 18.2).

The highest power density of 4.31 W/m2 was achieved using a mixed culture in a
fed-batch MFC and glucose as the substrate in the reactor with a Coulombic effi-
ciency (defined as the fraction of electrons recovered as current versus the maximum
possible recovery) of 81 %. The analysis of the population using DGGE showed
great phylogenetic diversity, with a complex mixture of bacteria (Firmicutes, c-, b-,
and a-Proteobacteria). Facultative anaerobic bacteria capable of hydrogen produc-
tion (Alcaligenes faecalis, Enterococcus gallinarum) were predominant (Rabaey
et al. 2004), probably owning to using a fermentable substrate with a mixed culture
inocula (Debabov 2008). It was deduced that mediator production accounted for the
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excellent power generation, as large concentrations of highly colored mediators
from this reactor were detected (Logan and Regan 2006a).

However, there are complicated organic matters in wastewater and complex
metabolisms such as fermentation could get involved in MFCs. Molecular char-
acterizations of anodic communities with complex wastewater sources revealed a
high diversity of microbial species, dominant with a- (Phung et al. 2004), b- (Kim
et al. 2004; Phung et al. 2004), and c-Proteobacteria (Logan et al. 2005). For
example, the characterization of anodic communities present in a two-chamber
MFC treating chocolate wastewater showed a high percentage of b-Proteobacteria
(51 %) (Patil et al. 2009). Whereas, microbial communities that developed by
MFCs supplied with winery or potato wastewater, were a mixed consortia pre-
dominated by Geobacter sulfurreducens, representing 44 % and 60 % of 16S
rRNA gene clones, respectively (Cusick et al. 2010; Kiely et al. 2011a). Most
importantly, a large proportion of clones is uncharacterized in these mixed-culture
systems, especially with complex wastewater sources. The lower frequency to
detect known exoelectrogens implies a greater diversity of this phenotype than
presently realized. The significance of the potential function of these dominant
community members is still unknown.

Cultivation mode including fed-batch and continuous flow could affect
microbial communities as well. In a continuous flow mode MFC supplied with
acetate, the composition of anodic community revealed that the most dominant
phyla were Proterobacteria (23–33 %), Bacteroidetes (17–40 %) and Chloroflexi
(21–30%) on the basis of 454 pyrosequencing technique (Feng et al. 2013b). In an
upflow system, a large number of methanogenic archaea in the mixed biomass
appeared on the anode based on fluorescence in situ hybridization (He et al. 2005).
Literature studies have demonstrated that d-Proteobacteria (50–90 %) were
dominant in the anode community of sediment MFC (Bond et al. 2002; Bond and
Lovley 2003), while Cytophagales (up to 33 %), Firmicutes (11.6 %), and
c-Proteobacteria (9–10 %) were the minor components in the anodophilic con-
sortia (Tender et al. 2002; Holmes et al. 2004).

18.8 The MFC’s Full-Scale Applications

The development of MFC’s practical application is still in the early stage. To date,
most MFCs have been investigated in the bench-scale, generally less than 1 L and
produced a maximum potential approximately 0.8 V. Apparently, the power
density and MFC configuration have not yet reached a widely applicable level,
remaining the challenging obstacle.

Sediment MFCs have been demonstrated at scales effective to be an alternative
renewable power source in seawater applications (Bond et al. 2002; Lowy et al.
2006; Dewan et al. 2014). According to Fig. 18.5, in principle sediment MFCs
consist of two electrodes made of conductive material. The anode is buried under
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surface water or marine sediment and cathode is placed in the water above the
sediment (Tender et al. 2002; Logan and Regan 2006b; Rezaei et al. 2007). The
sedimentary organic carbon (Aller 1994) or sulfate compounds (Rabaey et al.
2006) present in the sediment are oxidized by microorganisms growing on the
anode surface for production of electricity. There are several attempts to dem-
onstrate the availability of sediment MFCs as power source for underwater
(Donovan et al. 2013), ground (Donovan et al. 2008), and floating sensors (Nielsen
et al. 2007; Tender et al. 2008; Donovan et al. 2011). The first demonstration of
scale-up of MFC was used to power a weather buoy embedded with temperature
and humidity sensors using two sediment MFCs that generated 24 mW and
36 mW (Tender et al. 2008). The sediment MFCs were deployed in the Potomac
River, at Washington, DC and Tukerton, NJ, USA. Donovan et al. used sediment
MFCs to operate a low-power (11 mW) and a high-power (2500 mW) wireless
temperature sensors in a creek at Palouse, WA, USA. (Donovan et al. 2008; 2011).
The average power generation to power a remote device via a sediment MFC
ranges from 3.4 to 36 mW (Dewan et al. 2014). These studies illustrate that MFCs
deployed in natural aquatic environment (i.e., rivers, lakes, or oceans) can produce
enough energy to operate sensors requiring low power.

However, MFCs for wastewater treatment have faced a variety of restrictions in
terms of practical implementation. First, the real wastewater contains complex
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Sensors
O2+4e-+4H+             4H2O

Organic
matter
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+
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Fig. 18.5 Schematic representation of fundamental principle of the mediator less sediment
MFCs used to provide energy for on-site sensors. Microorganisms colonizing the anode are most
similar to Desulfuromonas acetoxidans (D. Aceto.), which could oxidize acetate in sediment and
transfer electrons to the anode. Desulfo. represents the species in the Desulfobulbus or
Desulfucapsa genera, which could oxidize anode generated S0 to SO4

2-
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organics and diverse microorganisms such as methanogens. This may lead to an
inferiority of electroactive biofilm due to methanogenic competition or metabolic
diversity. The low ionic strength of real wastewater can limit the power output of
MFCs as well (Rozendal et al. 2008). In addition, there are physical constraints
with regard to linearly scaling up MFCs. Excessive pressure because of hydrostatic
head could require variable permeability to regulate water loss and cathode
hydration in the case of permeable membrane. Most importantly, the greatest
hindrance lies in the increasing electrical losses and overpotentials with enlarged
size (Oh et al. 2010). All of this means that innovative reactor designs are required
for practically useful MFCs. As a consequence, after more than two decades of
development, in which numerous studies have focused on MFC’s application for
wastewater treatment (Habermann and Pommer 1991), successful full-scale
application is still relatively rare.

In view of the concept of MFCs with current wastewater treatment system,
several types of MFCs have been proposed. In order to enhance the quality of
effluent, Logan (2008) proposed an integrated bioprocess, which combined the
post-treatment process, e.g., solids contact (SC) process or membrane bioreactor
(MBR) with MFC system (Fig. 18.6a and b). However, performance of post
bioreactor can be inhibited due to consumption of most organic matter in the
preceding MFC. The MFC can be combined into the existing wastewater treatment
facilities as well. Min and Angelidaki (2008) developed a submersible MFC by
immersing an air-cathode MFC in an anaerobic reactor. Similarly, Cha et al.
(2010) submerged a single chamber MFC into the aeration tank of the activated
sludge process to optimize the cell configuration and electrode materials. The
submersible MFC can be applied to the anaerobic (or aerobic) facility as an anode
(or cathode) chamber without additional constructions (Min and Angelidaki 2008;
Cha et al. 2010) (Fig. 18.6c, d). Yu et al. (2011 and Feng et al. (2013b) designed
another configuration for decentralized wastewater treatment through immersing
the anode into an anaerobic tank and the cathode into an aerobic tank of the A/O
system, respectively (Fig. 18.6e). These types of configuration enable MFCs to be
applied to existing wastewater treatment systems.

Meanwhile, the work on scaling up MFCs for wastewater treatment is moving
forward. According to some information on the Internet or public literatures, there
are at least two pilot-scale MFCs for wastewater treatment available for practical
implementation. The first large-scale test of tubular MFCs was located at Foster’s
brewery in Yatala, Queensland (Australia) (http://www.microbialfuelcell.org).
This system was constructed by the Advanced Water Management Center of the
University of Queensland, led by Jurg Keller and Korneel Rabaey. MFCs consisted
of 12 modules with an entire volume of 1 m3. The anodes and cathodes are made
of carbon fiber based on a brush design. Another pilot-scale multi-anode/cathode
MFC (MAC MFC) was developed by researchers of University of Connecticut and
their collaborators (Fuss and O’Neill, and Hydroqual Inc.) in the USA (Jiang et al.
2011). The MAC MFC contained 12 anodes/cathodes with a total volume of 20 L.
The reactors contain graphite rods as the anode, with Cu-MnO2 or Co-MnO2

catalyzed carbon cloth cathodes. The systems are treating wastewater, achieving

18 Microbial Fuel Cells for Wastewater Treatment 429

http://www.microbialfuelcell.org


80 % of contaminant removal at different organic loading rates (0.19–0.66 kg/m3/d).
The power density of MAC MFC reached 380 mW/m2. In addition to the pilot scale
MFCs, Ieropoulos et al. (2013) originally exploited a stack of small ceramic MFCs
(6.25 mL) fed with real urine to power a mobile phone, which was previously
considered impossible.

Therefore, tremendous efforts should be dedicated in terms of utilizing the
voltage from MFCs in the near future. Dewan et al. (2014) pointed out that
renewable energy sources tend to be applied to power remote sensors, due to the
potential environmental risks and operational cost associated with batteries. More
research is also required to focus on assessment of lifetime, reliability and
renewability, which are of great significance in the process of promoting the MFCs
widespread application.
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18.9 The Conclusion and Perspective

Substantial efforts have been devoted to the development and improvement of
MFC technology to reduce its operating cost, and to increase power output
although MFC technology has not been widely scaled up for commercial appli-
cation. MFC technology covers many distinct scientific disciplines, including
material sciences, microbial ecology, and engineering design. Previous studies
have proposed innovative designs of MFC reactors to improve the performance
together with reduced capital costs. It has been demonstrated that different elec-
trode materials exhibited different behaviors and electrode modification offers a
good and effective approach for enhancing the performance. Development of the
electrode with excellent proprieties and the reasonable price could be crucial for
the practical application. Furthermore, appropriate integration or combination of
MFCs with present wastewater treatment technologies should be taken into
consideration.

MFCs provide us with a model system to study the different microbial popu-
lations present in the exoelectrogenic biofilms, and it would be an important
research area in understanding how the microbial ecology of electricity producing
communities develops and shifts over time. Extensive studies on exoelectrogenic
bacteria and consortia begin to expose the mechanistic and ecological complexities
of MFC biofilm communities. Yet, our understanding of electrochemically active
microbes is still in its infancy, as the diverse communities have a multitude of
undiscovered electrochemical capabilities that can be exploited in different MFC
applications. Discovery of the potential exoelectrogenic bacteria is important in
understanding the function of anodic microbial communities and to improve the
electron transfer efficiency of MFCs.
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