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Preface

Fresh water sustains human life and is vital for human health. It is estimated that
about 800 million people worldwide lack basic access to drinking water. About 2.2
billion people (nearly a third of global population) do not have access to a safe
water supply, free of contamination. Also, over 2 billion people live in countries
experiencing high water stress. Water consumption continues to grow worldwide,
driven by a combination of population growth, socioeconomic development, and
rising demand in the industrial and domestic sectors. The current supply of fresh
water needs to be supplemented to meet future needs. Living nature has evolved
species, which can survive in the most arid regions of the world by water collection
from fog and condensation in the night. Before the collected water evaporates,
species have mechanisms to transport water for storage or consumption. These
species possess unique chemistry and structures on or within the body for collection
and transport of water.

Water contamination by human activity and unsafe industrial practices, as well
as population, continues to grow. Water contamination is one of the major envi-
ronmental and natural resource concerns in the twenty-first century, including North
America. Oil contamination can occur during operation of machinery, oil explo-
ration and transportation, and due to operating environment. Oil spills occasionally
occur during oil exploration and transportation. Commonly used oil-water separa-
tion techniques in oil spill cleanups are either time consuming, energy intensive,
and/or environmentally unfriendly. For water purification and oil-water separation
for various applications including oil spill cleanup, bioinspired superhydrophobic/
superoleophobic and superoleophobic/superhydrophilic surfaces have been devel-
oped which are sustainable and green or environmentally friendly. Bioinspired oil-
water separation techniques can be used to remove oil contaminants from both
immiscible oil-water mixtures and oil-water emulsions. Coated porous surfaces
with an affinity to water and repellency to oil and vice versa are commonly used.
Oil-water emulsions require porous materials with a fine pore size.

In this book, an overview of arid desert conditions, desert plants and animals,
water harvesting lessons from nature, and water collection data from various designs
of bioinspired surfaces from fog and condensation from ambient, are presented.
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Next, consumer to emergency and military applications are discussed and various
designs for water harvesting towers and projections for water collection are pre-
sented. Finally, bioinspired water desalination, water purification, and oil-water
separation techniques are described.

The book should serve as an excellent text for a one-semester course in
biomimetics, water supply and management, and environmental engineering. The
book is also intended for use by novices as well as experts in the field, practitioners,
solution seekers, and the curious. Applications should help in advancement of the
field.

Contributions by many graduate students, postdoctoral fellows, and visiting
scholars in the author’s laboratory as well as international collaborators are grate-
fully acknowledged. The book is largely based on major contributions by the
author’s postdoctoral fellows—Dr. Philip S. Brown and Dr. Dong Song, graduate
students—Dev Gurera, Charles T. Schriner, Wei Feng, and Feiran Li, and an
international scholar—Prof. Aditya Kumar. The author would like to thank Dev
Gurera for preparing some of the figures and Joanne F. Holland for typing the
manuscript. The author would also like to thank his wife Sudha for her constant
support and encouragement.

Columbus, USA Bharat Bhushan
Bhushan.2@osu.edu
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Chapter 1
Introduction: Water Supply
and Management

The Human Right to Water: UN General Assembly Resolution 64/292 (2010) “recognizes
the right to safe and clean drinking water and sanitation as a human right that is essential for
the full enjoyment of life and all human rights.”

11th Annual Cisco Visual Networking Index Global Mobile Data Traffic Forecast. By
2021, more members of the global population will be using mobile phones (5.5 billion) than
running water (5.3 billion).

1.1 Water Supply

Access to a safe water supply is a human right. Fresh water sustains human life and
is vital for human health. Water availability depends upon the amount of water
physically available, and whether it is safe for human consumption. Some of the
arid regions of the world lack adequate safe drinking water. Figure 1.1 shows
proportion of population with access to safe drinking water in 2015 (WHO/
UNICEF 2017; WWAP 2019; Bhushan 2020). A total of 181 countries had a
population of over 75% with different degrees of accessibility (Bhushan 2020). Due
to bad economies or poor infrastructure in some parts of the world, water acces-
sibility continues to become even worse particularly in these regions.

It is estimated that about 800 million people worldwide lack basic access to
drinking water (WHO/UNICEF 2017; Bhushan 2020). This means that they cannot
reach a protected source of drinking water within a total walking distance of
30 min. About 2.2 billion people, representing nearly one third of the world pop-
ulation do not have access to a safe water supply, meaning no drinking water on the
property that is available at all times and free of contamination. A lack of drinking
water particularly affects rural areas; 80% of the people lacking drinking water live
in rural areas. Almost half of people drinking water from unprotected sources live in
sub-Saharan Africa. Women and girls regularly experience discrimination and
inequalities in the rights to safe drinking water. Ethnic and other minorities, dis-
ability, age and health status are also factors.
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Because of global warming and an increased number of drought periods, water
supply continues to shrink. Figure 1.2 shows the level of physical water stress
around the world showing percent of total fresh water withdrawn annually (UN
2018; Bhushan 2020). Over 2 billion people, representing nearly one third of the
world population, live in countries experiencing high water stress, meaning that
water resources consumed are not regenerated to the necessary extent by rain or the
return of the purified water (UN 2018). About 4 billion people experience severe
water scarcity during at least one month of the year (WWAP 2019). Stress levels

Fig. 1.1 Proportion of population with access to basic drinking water services in 2015.
181 countries had a coverage of over 75% (adapted from WHO/UNICEF 2017; Bhushan 2020)

Fig. 1.2 Level of physical water stress showing percent of total fresh water withdrawn annually
(adapted from UN 2018; Bhushan 2020)
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will continue to increase as demand of water grows and the effects of climate
change intensify. The majority of the people affected by water stress live in North
Africa, the Middle East, and South Asia, but the people living in North and South
America including the southwest United States are also increasingly being affected.

Figure 1.3a shows a child drinking contaminated water from the river (adapted
from image provided by Water Crisis in Africa). In many parts of the world, people
need to transport water from far which is often not so clean (Fig. 1.3b) (adapted
from Left-image provided by Picsio, Creative Commons, and Right-image provided
by Reuters). It is often children and women who do most of the water transporting
(Bhushan 2020).

Roughly, 70% of the Earth’s surface is covered by water, however, the vast
majority of water is contained in the oceans with fresh water accounting for only about
2.5% of all water, as shown in Fig. 1.4a (Brown and Bhushan 2016; Bhushan 2018,
2019, 2020). Water continuously moves in a cycle due to evaporation, condensation,
precipitation, surface and channel runoff, and subsurface flow, as shown in Fig. 1.4b
(Brown and Bhushan 2016). The evaporative phase can help purify water by sepa-
rating it from contaminants picked up in other phases of the cycle, including salt in the
oceans. Of the 2.5% fresh water, the majority is trapped as ice in glaciers and snow

Fig. 1.3 a A child drinking contaminated water from the river, b people transporting water from
far (adapted from Bhushan 2020)
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Fig. 1.4 a Percentage breakdown of all water on Earth. 2.5% is fresh water, with surface water in
rivers and lakes only accounting for 0.03% of all water (400 trillion m3) and groundwater only
0.79% of all water (11 quadrillion m3) (Shiklomanov 1993), and b the water cycle where of all
water the evaporative phase helps purify water via separation from contaminants picked up in other
phases of the cycle (adapted from Brown and Bhushan 2016; Bhushan 2018, 2019, 2020)
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(1.74% in total). Only 0.79% (11 quadrillion m3) of all water is found as surface water
in lakes and rivers (0.03% or 400 trillion m3), and as groundwater (0.76%)
(Shiklomanov 1993). The distribution of this water is not uniform across the world,
with around 20% of the world’s surface fresh water found in the North American Great
Lakes (EPA 1995).

Given that about 97.5% of water is saline water, desalination has become
increasingly important in all parts of the world. Ocean water is contaminated by salt, as
well as by bacteria and particulates. For human consumption, ocean water must be
desalinated and purified. However, desalination remains an energy intensive process
and is prohibitively expensive (Elimelech and Phillip 2011). Desalination may con-
sume as much as 30 times more energy than other water purification approaches.
Furthermore, for every 50 L of seawater, desalination produces about 1 L of clean
water as well as 2 L of brine solution which poses serious environmental issues.
Globally, desalination provides a small fraction of purified clean water supply. In
2020, one fourth of all global desalination of water was carried out in Saudi Arabia and
U.A.E. In the United States, Carlsbad Desalination Plant in California is the largest
desalination plant. It delivers about 200,000 L offresh desalinated water to San Diego
County, enough to serve about 400,000 people.

In addition to all water on earth, the earth’s atmosphere contains about 0.001%
of global water (on the order of 13 trillion m3 or 1.3 � 1016 L). It is found in the
form of clouds, fog, mist, and water vapor. It is a small amount in global terms but
it is about 3.3% of water in rivers and lakes which can be a major source of drinking
water. In arid deserts, many plants and animals survive by harvesting water from
the atmosphere. The water is a recyclable natural resource with potential to water
the arid regions of the world (Gleick 1993; Bhushan 2018). Scientists and engineers
have been working to develop bioinspired water harvesters.

1.2 Water Consumption

About 60% of body weight in adults and 75% in infants is water. The body
constantly loses water. It needs to be replenished by drinking water. Water is
needed for food preparation and sanitation and personal hygiene. A summary of
water consumption by humans is presented in Table 1.1 (Day et al. 2019; Bhushan
2020). The amount of water required to meet basic human water needs is about 7.5–

15 L day−1, with 7.5 L day−1 being the absolute minimum of the individual’s
water needs (Day et al. 2019; Bhushan 2020). In the U.S.A., about 600 L of water
per capita and per day is consumed; whereas, in Europe it is about 300 L of water
per capita and in the rest of the world is much less. Typical water requirements per
capita is on the order of 50 L day−1. It is noted that these numbers do not include
water requirements for food production and other consumer needs, which can be
much higher than water consumption by humans.

Water consumption continues to grow worldwide, driven by a combination of
population growth, socio-economic development, and rising demand in the
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industrial and domestic sectors. With ever-growing population, there is an
increasing demand for food and other necessities. Food production requires a sig-
nificant amount of water. Water consumption has been increasing by about 1–2%
per year since the 1980s (WWAP 2019). Global water consumption is expected to
reach 6 trillion m3 a year by 2030 as the population moves toward a projected 8.2
billion, as shown in Fig. 1.5 (Water Resources Group 2009; UN 2015; Brown and
Bhushan 2016; Bhushan 2018, 2019).

Table 1.1 Water consumption by various processes by humans (adapted from Day et al. 2019;
Bhushan 2020)

Process Amount of water lost/
used (L day−1)

Body constantly releases water through evaporation from the skin,
through urine production and through the release of water from
the lungs with the air we breathe. It needs to be replenished by
drinking water

*2.4

Food preparation 3–6

Sanitation and personal hygiene practices 2–6

Total basic needs 7.5–15
Typical needs worldwide 50

Fig. 1.5 Global water consumption based on actual (1980–2010) data (UN 2015) and projected
(2030) data (adapted from Water Resources Group 2009; Brown and Bhushan 2016; Bhushan
2018, 2019)
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1.3 Water Contamination

Water contamination by human activity and unsafe industrial practices, as well as
population growth continues to grow. Water contamination is one of the major
environmental and natural resource concerns in the twenty-first century (Clark et al.
1986; Rao et al. 2012; Brown and Bhushan 2016; Fingas 2017; Bhushan 2018).
Contamination by oil can occur during operation of machinery, oil exploration and
oil transportation, and due to operating environment. Oil is commonly used as a
lubricant in machinery and can leak and produce contamination. Oil spills occa-
sionally occur during oil exploration and transportation. They will continue to occur
as long as society is dependent upon oil (Brown and Bhushan 2016; Bhushan
2018). The Deepwater Horizon oil spill in the Gulf of Mexico in 2010 was the
worst accidental offshore oil spill in history. It spilled about 200 million U.S.
gallons of oil (Fig. 1.6). The partial cleanup by British Petroleum took several years
and full cleanup was never accomplished. Oil spills cause damage to the envi-
ronment and contaminate sources of potable water. Another source of contamina-
tion stems from the emergence of fracking in the U.S., where water-based fluids
(containing sand and chemicals) are injected under high pressure to fracture rocks to
release oil and gas, which lead to oil-contaminated wastewater.

Water contamination with a variety of chemicals is another major concern with
growing world population and industrialization with unsafe practices of waste dis-
posal. Various organic contaminants present in contaminated water pose health risks.

Access to “clean” and safe water is a global problem. While the situation is
particularly severe for large number of countries in Africa, Asia, and the Middle
East, Latin America, Caribbean, and some countries in Eastern Europe, many
people in Western and Coastal Europe as well as in North America also suffer from
lack of inequitable access to safe drinking water (WWAP 2019).

Fig. 1.6 Photograph of oil-contaminated water after the 2010 Deepwater Horizon oil spill in the
Gulf of Mexico
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1.4 Human Impact from Lack of Safe Water Supply

Water contamination is a major health issue facing the world today. Lack of safe
water supply takes a toll on living nature—flora, fauna, and humans. It leads to
severe diseases and even death, as well as economic damage. Contaminated
drinking water can transmit diseases such as diarrhea, cholera, dysentery, typhoid,
and polio. It is estimated to cause some 500,000 diarrheal deaths each year.
Figure 1.7 shows the impact of lack of safe water supply as well as natural disasters
and conflicts (WWAP 2019). The impact of inadequate water and sanitation and
drought affect many people with significant economic damage. Therefore, water
purification becomes increasingly important.

1.5 Lessons from Nature to Supplement Water Supply
and Remove Contamination

It is apparent that the current supply of fresh water needs to be supplemented to
meet future needs. To find new sources of water supply, living nature may provide
solutions. In living nature, after some 3.8 billion years of evolution, many plant and
animal species in arid regions exhibit efficient solutions for water harvesting from
fog and condensation of water vapor. These solutions typically involve species

Fig. 1.7 Average annual impact from inadequate drinking water and sanitation services, water
related disasters, epidemics and earth quakes and conflicts (adapted from WWAP 2019)
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possessing unique surface structures and chemistry on or within their bodies that
help to direct the movement of water to where it is either consumed or stored,
before it is evaporated (Brown and Bhushan 2016; Bhushan 2018, 2019, 2020).

By studying the surface structures and chemistries involved, bioinspired fog
harvesters are being developed (Bhushan 2019, 2020). The ambient temperature
during desert nights is low, as low as 0–4 °C. This temperature can be lower than
the dew point, which would lead to water condensation of water vapor from
ambient. Bioinspired water condensation can also be used for water harvesting
(Bhushan 2018, 2019, 2020).

Bioinspired water harvesters can be used to provide a supplemental water source
for communities in the arid regions where fog and condensation of water vapor is
common, such as the coastal regions of Africa, the Southwestern coast of South
America, and the Southwestern United States (Brown and Bhushan 2016; Bhushan
2018, 2019, 2020). In addition, these harvesters can be used in various emergency
and defense applications (Bhushan 2019, 2020). Emergency applications, such as
natural disasters, could benefit for short periods from portable units which could be
dropped from air. The cost of clean water in military bases in a combat zone can be
high, and water harvesters become attractive. Various designs for large and portable
3D towers have been developed.

Systems in human bodies have evolved to transport water efficiently while
blocking other molecules and ions. Inspiration can be taken to improve the effi-
ciency of desalination and help purify contaminated water. Using inspirations from
Lotus leaf and other species, a coated mesh which repels oil and attracts water or
vice versa, can be used for oil-water separation. Various approaches for bioinspired
water purification and oil-water separation have been developed (Brown and
Bhushan 2016; Bhushan 2018).

Bioinspired approaches are attractive to develop materials and surfaces in an
environmentally friendly and sustainable manner to supplement water supply and
remove contamination.

1.6 Organization of the Book

In this book, an overview of bioinspired water harvesting methods from fog and
water condensation of water vapor from ambient, to supplement water supply and
various water purification and oil-water separation approaches, are presented. First,
an overview of arid desert conditions, water sources, and desert plants and animals
is presented. Next, water harvesting mechanisms of selected plants and animals,
which are being exploited for commercial applications are presented with a dis-
cussion of the surface structures and chemistries used. Then, water collection data
for various designs of bioinspired surfaces, both from fog and condensation from
ambient, are presented, which can be used to develop optimal designs. Various
commercial, emergency and military applications are discussed and various designs
for water harvesting towers and projections for water collection are presented.
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Finally, bioinspired water desalination, water purification and oil water separation
techniques are described. All bioinspired approaches described in the book can be
used to develop materials and surfaces in an environmentally friendly and sus-
tainable manner to supplement water supply and remove contamination.
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Chapter 2
Overview of Arid Desert Conditions,
Water Sources, and Desert Plants
and Animals

Deserts have fascinated humans for centuries. They have been focus of even fic-
tional books (Herbert 1965). A desert is a barren landscape where little precipitation
occurs (Meigs 1953; Walker 1992; Costa 1995; Mares 1999; Harris 2003; Allaby
2006; Laity 2008; Greenberger 2009). A desert is referred to as an area of land that
receives no more than 250 mm of precipitation per year. The amount of evaporation
in a desert often greatly exceeds the annual rainfall, which results in a moisture
deficit over the course of a year. All deserts are arid or dry. There is little water
available for any living nature to survive. Consequently, living conditions are
hostile for living nature including plant and animal life.

Deserts are formed by weathering processes as large variations in temperature
between day and night put strains on the rocks which consequently break in pieces.
The desert soil is sandy with stones and rocks with low content of organic material
and water storage capacity. Deserts cover about one-third of the earth’s land surface
area or about 10% of the total earth surface. They are home to around 1 billion
people—about one-eighth of the Earth’s population.

Figure 2.1 shows the map of the deserts of the world (the 7 continents). The
world’s deserts can be divided into four types based on location: subtropical,
coastal, cold, and polar (Walker 1992; Costa 1995; Mares 1999; Harris 2003;
Allaby 2006; Laity 2008; Greenberger 2009). The deserts can also be classified as
hot deserts and cold deserts. Table 2.1 presents types and locations of deserts and
details on their aridness and climate as well as names of major deserts.

Hot deserts include subtropical deserts (inland) and coastal deserts, with sub-
tropical being the hottest. These are also the most arid. Hot deserts can be covered
by sand, rock, salt lakes, stony hills and even mountains. Non-polar deserts are hot
in the day and chilly at night. The average temperature in the daytime can reach up
to 50–60 °C in the summer, and dip to as low as 0 °C or even lower at night time in
the winter. The soil surface temperature can reach up to 70 °C.

Cold deserts include cold deserts and polar deserts (Table 2.1), with polar
deserts being colder. Cold deserts may be covered with snow or ice but some are so
dry that the ice sublimates away. Some cold deserts have a short season of
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Fig. 2.1 Map of deserts of the world (the 7 continents). They can be divided into four types based
on location: subtropical, coastal, cold and polar deserts (adapted from https://www.
whatarethe7continents.com/deserts-of-the-world/)

Table 2.1 Types of desert of the world (the 7 continents), based on location and their aridness
and climate as well as names of major deserts (adapted from https://www.whatarethe7continents.
com/deserts-of-the-world/)

Types and location Aridness and climate Names

Hot

Subtropical deserts—land
locked (inland)

Very arid—hot to very hot
temperatures with cooler winters

Sahara
Arabian
Kalahari
Mojave
Sonoran
Chihuahuan
Thar
Gibson
Great Sandy
Great Victoria
Tanami
Sturt Stony
Simpson

(continued)
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above-freezing temperatures. An ice cap can be a cold desert that remains freezing
year round. The annual precipitation is generally less than 50 mm in the interior.
The polar deserts which are the coldest, include Antarctica desert located around the
South Pole and Arctic desert located above 75° north latitude. Antarctica is the
world’s largest desert (14 million km2), closely followed by Arctic (13,985 km2).

A map of the world’s deserts with non-polar arid land, with relative degrees of
aridness is shown in Fig. 2.2. The largest (non-polar) hot desert in the world is the
Sahara in North Africa. It has one of the harshest environments on Earth, covering
some 5.8 million km2, nearly a third of the African continent, about the size of the

Table 2.1 (continued)

Types and location Aridness and climate Names

Coastal deserts—near large
bodies of water and/or
mountainous regions

Harsh and very arid regions—
prolonged moderate summers and
mild, cool winters

Namib
Atacama

Cold

Cold deserts—at higher
altitudes and rain shadows of
high mountains

Semi-arid regions—not as hot as the
subtropical deserts and as cold as
polar deserts

Great Basin
Colorado Plateau
Patagonian
Karakum
KyzlKum
Taklamakan
Gobi

Polar deserts—near north and
south poles

Arid regions—mild with
temperatures less than 10 °C

Arctic
Antarctic

Fig. 2.2 World map of deserts with non-polar and arid land with relative degree of aridness. Hot
and most arid deserts exist in parts of Africa, the Middle East, Southwestern South America and
Southwestern United States (adapted from Meigs 1953)
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United States (including Alaska and Hawaii). It is the third largest after the two
polar deserts. The Sahara desert is also the hottest desert in the world. The driest
desert in the world is the Atacama Desert in South America. The Atacama Desert
had no rain for 401 years, between 1570 and 1971. The Namib desert in southwest
Africa is one of the most arid regions in the world with average annual rainfall of
only 18 mm, and it is not uncommon to experience consecutive years with no
rainfall at all. Despite the low rainfall, prevailing southwesterly winds form fog
along the coast from 60 to 200 days per year, which can be blown inland for up to
50 km (Shanyengana et al. 2002). In addition, during cold nights, condensation of
water vapor occurs. A photograph of high dunes of the Namib desert near Sossus
Vlei is shown in Fig. 2.3.

Deserts are not entirely waterless. Although desert plants and animals may have
to go without rainwater for several years at a time, they can harvest water from
ambient atmosphere. In living nature, after some 3.8 billion years of evolution,
many plant and animal species exist in arid regions, and exhibit efficient solutions
for water harvesting (Cloudsley-Thompson and Chadwick 1964; Axelrod 1979;
Costa 1995; Anonymous 1996; Mares 1999; Van Rheede van Oudtshoorn and Van
Rooyen 1999; Harris 2003; Bredeson 2009; Murphy 2012; Brown and Bhushan
2016; Bhushan 2018, 2019, 2020; Gurera and Bhushan 2020). Water harvesting
solutions typically involve species possessing unique surface structures and
chemistry on or within their bodies that help to harvest and direct the movement of
water before it evaporates, to where it is consumed or stored.

Based on estimates by the World Wildlife Fund, some 500 species of plants,
some 70 known mammalian species, some 90 avian species, some 100 reptilian
species, many species of spiders, scorpions and other small arthropods are known to
exist in deserts. Many plants and animals are found even in extremely arid regions,
for example, in the Namib desert. Table 2.2 presents a list of various plants and

Fig. 2.3 High dunes of the Namib desert near Sossus Vlei
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animals with their degree of endemism in the Namib desert (Simmons et al. 1998;
Gurera and Bhushan 2020). Various animals include mammals, birds, reptiles, fish,
frogs, insects, and arachnids. As an example, photographs of two plants and two
animals surviving in deserts are shown in Fig. 2.4 (adapted from, Top left-image
provided by Gentry George, Creative Commons, Bottom left-Anderson sady,
Creative Commons, and Bottom right-Stu images, Creative Commons) (Bhushan,
2020).

Table 2.2 Numbers and proportions of known endemic and near-endemic taxa found in Namib
desert (adapted from Simmons et al. 1998; Gurera and Bhushan 2020)

Endemics All species Endemism (%)

Plants 683 4334 17

Mammals 14 200 7

Birds 14 644 2

Reptiles 59 250 24

Fish 3 113 3

Frogs 6 51 12

Insects 1541 6331 24

Arachnids (spiders, scorpions, etc.) 164 1331 12

Fig. 2.4 Selected examples of desert plants and animals (adapted from Bhushan 2020)
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2.1 Water Sources

The species surviving in the deserts need water to survive. Water appears in deserts
from various sources including rivers, lakes, oases, groundwater used by roots in
the case of plant species, metabolic water in the case of animals, rainwater, snow,
fog, mist, and condensation of water vapor. Some desert plants have adapted to
harsh environments by growing deep roots that can gather water from several feet
under the surface. Some desert animals depend upon metabolic water to various
degrees. Fog, mist and condensation as water sources are reliable, whereas rainfall
is unpredictable. Fog precipitation can exceed rainfall by about sevenfold at the
coast and by two times inland (Shanyengana et al. 2002). In arid and semi-arid
regions, fog dominates as a water source.

During the cold nights, particularly in the coastal desert regions, fog, mist and
water vapor exist in the atmosphere. Fog and mist consist of water droplets suspended
in air which can be harvested and coalesced. In humid climates, air consists of a
significant amount of water vapor which can be nucleated into droplets (dew droplets)
on cold surfaces and coalesced. It is referred to as condensation of water vapor.

2.1.1 Fog and Mist

Fog and mist occur when the water vapor concentration in the atmosphere reaches
saturation (Bhushan 2019). These are a visible aerosol consisting of tiny water
droplets suspended in air, which is found close to the land surface in cold nights
(Fig. 2.5). They are more frequent near lakes or oceans. Fog cover is formed when
warm moist air above the desert land encounters the cooler surface of land or blows
over the cold water in the ocean, which changes the invisible gas to tiny visible
droplets. The formation is aided by the presence of nucleation sites on which the
suspended water phase can coagulate. As an example, small particulates can
enhance the fog or mist formation. There is less coalescence of water droplets in

Fig. 2.5 Photographs of fog
near coastal desert (adapted
from Bhushan 2019)
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mist which makes it less dense and quicker to dissipate. The difference between fog
and mist is in their location and density. Mist is referred to as cloud cover, sus-
pended in air, and normally found above mountains. Whereas, fog is a cloud that
reaches the ground level, normally found above a water surface. In addition fog is
denser and lasts for a longer period and mist is thinner and one can see more clearly
through it. Visibility in fog is less than about 1 km; whereas in mist, it is 1–2 km.

Fog consists of small water droplets whose size, typically, are on the order of
10–50 µm, with a concentration on the order of 10–100 microdroplets per cm3

(Anonymous 1999; Mares 1999). Air in fog has a relative humidity, generally
above 95%. Density of water in fog is on the order of 0.05–0.5 g m−3. For refer-
ence, density of water is 1000 kg m−3. This source of water is clean from impurities
(Basu et al. 2018), which is a great benefit of water collected from fog harvesting.

The number of fog days and amount of fog depends upon the geographical location
of the desert as well as the offshore ocean currents. Thick fog is formed near coastal
deserts (Meigs 1966; Mares 1999). In coastal regions, such as in the high desert
region of the Mohave desert, fog cover can extend inland up to some 75 km, even
during the day. Table 2.3 presents data for occurrence period and duration of fog in
very arid central Namib desert during a 12 month period (Seely 1979). The fog
occurred during 11 months for different number of days and time periods.

During low rainfall months, many species survive on fog. Mean monthly rainfall
and hourly fog water collection in the California central coast (Big Sur, CA) is
presented in Fig. 2.6, based on two years of fog collection and thirty years of rain-
water collection (Hiatt et al. 2012). Fog deposition occurred primarily during the
summer months of June through October. The figure also shows that as rainfall
decreased in the summer months, fog deposition increased, and as the region receives

Table 2.3 Occurrence period and duration of fogs at Central Namib desert during a 12-month
period (adapted from Seely 1979)

No. of fog days Duration of fog (h) Time fogs begin

Mean Range Earliest Latest

1977

September 9 3.8 3–7 24:00 06:00

October 7 3.0 1–5 02:00 06:30

November 11 3.2 1–5 12:30 06:30

December 9 3.4 1–7 01:00 06:00

1978

January 12 3.6 1–8 22:00 06:00

February 4 3.2 1–5 23:00 08:00

March 5 1.2 1–2 05:00 07:00

April 8 2.1 1–7 02:00 07:00

May 2 2.5 1–4 04:00 06:00

June 0 – – – –

July 4 4.2 1–7 02:00 07:00

August 7 2.9 1–7 24:30 07:00
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Fig. 2.6 Mean monthly rainfall for years 1981–2010 and hourly fog water collection for the 2010
and 2011 fog collection periods in the California central coast (Big Sur, CA) (adapted from Hiatt
et al. 2012)

rainfall in fall, fog deposition decreases. Based on Hiatt et al. (2012), in 2010, a daily
average of fog water collection was about 2.3 L m−2 and a daily maximum of about
13 L m−2, and an hourly average of about 0.1 L m−2 and an hourly maximum of
about 2.3 L m−2. Fog deposition occurred during the night and early morning hours.
Average fog water collection was about 0.16 L m−2 between 8:00 PM and 2:00 AM,
increasing to a peak of about 0.2 L m−2 between 3:00 AM and 9:00 AM. After 9:00
AM, it steeply declined to nearly 0 between 2:00 PM and 6:00 PM.

Figure 2.7 shows the rate of fog water collected in different regions and the
number of days fog occurs annually (Fessehaye et al. 2014). The rate of fog water
collected ranges from 1.5 to 12 L m−2 day−1. The fog occurrence in the less arid
central California coast desert is reported to be more frequent, on the order of 80%
of days per year (Hiatt et al. 2012). Fog water collection data in the Central Namib
desert was measured with a cylindrical wire mesh at three locations from October
1996 to October 1997. The water collection data is presented in Fig. 2.8
(Shanyengana et al. 2002). The most fog occured from August to February. The
daily average collection rate was between 0.5 and 3 L m−2 day−1 at these locations.

The rate of water collection depends on various environmental factors including
the difference between air temperature and dew point temperature, wind speed,
wind direction, and land temperature (Hiatt et al. 2012). The difference between air
temperature and dew point temperature, termed as the dew point depression, is a
strong indicator of fog. Lower is the dew point depression, higher is the fog density,
and vice versa. The wind speed of fog is typically on the order of a few cm s−1

(United Nations Environment Programme 1999) to as high as a couple of m s−1 in
the California central coast (Hiatt et al. 2012). Fog water collection is a function of
wind speed during prevailing winds. An example of data collected in the California
central coast is shown in Fig. 2.9 (Hiatt et al. 2012). Higher is the wind speed,
higher is fog collection. Though the wind direction is random, wind should be
perpendicular to the collecting surface for maximum collection.
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In summary, average fog water collection is on the order of 2 L m−2 day−1 or
0.1 L m−2 h−1, dependent upon the location. The highest fog collection occurs
when the temperature of the land is hot, during the summer months of June and
July, and during nights and early mornings. As a reference, a consumer humidifier

Fig. 2.7 Rate of fog water collection and number of days fog occurs annually at various desert
locations (adapted from Fessehaye et al. 2014)

Fig. 2.8 Daily fog collection measured with Standard Fog Collectors in deserts at Gobabeb,
Klipneus and Swartbank in central Namib desert, from October 1996 to October 1997 (adapted
from Shanyengana et al. 2002)
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produces fog with water content on the order of 50–1000 L m−2 h−1 with nozzle
diameter on the order of about 20 mm. The fog emitted by the humidifier gets
dissipated over a large area.

The fog is one of the major reasons for many species’ survival in arid regions.
Examples of water harvesting data of one plant and one animal are presented next.
Data for the weight gain for tenebrionid beetles (13–22 mm) after a head-down
stance to collect water is presented in Table 2.4 (Hamilton and Seely 1976). The
beetles, being mobile, consume fog water in two different ways: by consuming
fog-water droplets condensed on different vegetation, stones, and soil, and by using
a fog-basking stance and drinking the fog-water condensed on its body (Seely
1979). The water collected on S. sabulicola, Namib dune bushman grass is pre-
sented in Fig. 2.10, measured at 4:00 AM, a few hours after the onset of the fog,
and at 8:00 AM. After 8:00 AM, no substantial fog collection could be measured.
Measurements were taken on 10 fog events for 5 set of samples (Ebner et al. 2011).
Total fog collected per leaf area was on the order of 5 L m−2.

Fig. 2.9 Hourly fog water collection as a function of wind speed during prevailing winds in the
California central coast (adapted from Hiatt et al. 2012)

Table 2.4 Weight gain expressed as a percentage weight change of body weight of tenebrionid
beetle after a head-down stance to collect water, in fogs of various strengths on the Namib desert
(adapted from Hamilton and Seely 1976)

Date Fog (mm) Mean weight gain (%)

October 14, 1975 0.50 14.50

November 5, 1975 0.35 1.63

November 25, 1975 0.10 5.47

November 29, 1975 0.65 8.39

December 1, 1975 0.10 2.11
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2.1.2 Condensation of Water Vapor

Dew occurs as a result of phase transition, in which water vapor in air is trans-
formed into liquid when it comes in contact with a surface. The primary condition
for the formation of dew is that the temperature of the surface on which conden-
sation takes place should be lower than the dew point temperature. During phase
transition or condensation, nucleation of the liquid phase occurs. Nucleation is the
formation of the nanoscale water droplets that are thermodynamically stable
(Sigsbee 1969; Pruppacher and Klett 2010). The nucleation rate depends upon the
degree of subcooling, relative humidity, and the wetting properties of the surface.
Once a water droplet has nucleated on the surface, it begins to grow due to the
formation of concentration gradient of water molecules around the droplet. This is
followed by droplet coalescence.

The atmosphere contains a large quantity of moisture in the form of water vapor.
Dew point is the temperature to which air must be cooled to become saturated with
water vapor. When further cooled, the airborne water vapor will condense to form
water droplets or dew. At a temperature lower than the dew point, the saturated
vapor pressure of water in the ambient air decreases (Alduchov and Eskridge 1996),
which leads to water condensation and forms dew (Pruppacher and Klett 2010;
Moran et al. 2018). It should be noted that the dew point temperature should be
above the freezing point (0 °C) because dew may freeze as the temperature des-
cends below 0 °C, and is called white dew.

The ambient temperature in the desert during nights can be low, as low as about
0–4 °C, lower than the dew point in most environments. The moisture from dew is
generally available throughout the year with a larger amount available during dry
summer months when living species are under highest stress when rainfall is small
(Malek et al. 1999; Mares 1999).

Fig. 2.10 Measured stem
flow rates for S. sabulicola,
Namib dune bushman grass,
measured at 4:00 AM and
8:00 AM. Measurements were
taken on 10 fog events for five
plants. After 8:00 AM, no
substantial fog harvesting
could be observed. The
vertical lines indicate the
highest and lowest values and
the cross line indicates the
median (adapted from Ebner
et al. 2011)
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Malek et al. (1999) measured moisture contributed by dew in northeastern
Nevada and central Utah in the U.S. Based on data collected for precipitation and
dew moisture contribution for northeastern Nevada with area of about 1113 km2,
between June 10, 1993 and Sept. 30, 1994, they reported that annual precipitation
was about 131 mm year−1 and dew contribution was about 14 mm year−1. Mares
(1999) reported that dew contribution can range from as much as 10 L m−2

(10 mm) year−1 in cold climates to as much as 75 L m−2 (75 mm) year−1 in
sub-humid warm areas. In some desert areas, especially semiarid and Mediterranean
habitats, dew may contribute a significant percentage of the total precipitation that
is available in the area during the year for plants and animals.

Dew can be a significant source of water for plants and animals in many of the
world’s deserts, particularly during the hot summer months when rainfall is small
(Monteith 1963; Baier 1996; Kidron et al. 2002; Kidron 2005). In Namibia and
Chile, dew is among the primary sources of water. Hill et al. (2015) measured water
from dew in several plants native to the Negev desert in Israel. They reported that
these plants received on the order of half of their water from dew. Dew is partic-
ularly a source of water for insects and small animals. Examples are the Diacamma
rugosum, a common ant in India that acquires a substantial fraction of water
requirements from dew, and the snail Trichoidea seetzenii which has been found to
use dew as a source of water (Agam and Berliner 2006).

It should be noted, in general, that water collection from condensation on an
annual basis is believed to be lower than that collected from the fog by plants and
animals.

2.2 Desert Plants and Water Harvesting Mechanisms

To survive in deserts, plants have adapted to the extremes of heat and aridity by
using both physical, chemical and behavioral mechanisms (Anonymous 1996;
Gurera and Bhushan 2020). Plants that have adapted by altering their physical
structure are called xerophytes. Xerophytes, such as cacti, usually have special
means of storing and conserving water. They often have few, small or narrow leaves
or no leaves, which reduces transpiration. Phreatophytes are plants that have adapted
to arid environments by growing extremely long roots, allowing them to acquire
moisture at or near the water table. Poikilohydric desert plants live for several years,
often survive by remaining dormant during dry periods of the year, then springing to
life when water becomes available. Other desert plants, using behavioral adapta-
tions, have developed a lifestyle in conformance with the seasons of greatest
moisture and/or coolest temperatures. These type of plants live for only a season.

Figure 2.11 presents the classification of desert plants, with examples for each
classification (Anonymous 1996; Gurera and Bhushan 2020). Plants, in general, can
broadly be categorized into four classes—wildflowers, cacti and other succulents,
trees and shrubs, and grasses, mosses and lichens. Figure 2.12 presents a montage
of selected plants from each class (Anonymous 1996; Gurera and Bhushan 2020).
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2.2.1 Wildflowers

Several adaptations have enabled wildflowers to thrive in the heat and dryness of
their habitats. Some plants will only blossom on the rare occasions when water
appears in the desert, and remain dormant for the rest of the year. Others only grow

Fig. 2.11 Classification of desert plants with examples for each class (adapted from Gurera and
Bhushan 2020)
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during rainy seasons and have short lives, such as the desert sand verbena, which
grows and blooms with bright purple flowers after rainfalls. Its seeds can remain in
the ground for months or years before growing after the next rainy season. Some
wildflowers which include desert lily, desert lupine, desert marigold, fairy duster,
twist flower and larkspur, capitalize on fog and dew for their water needs (Von
Hase et al. 2006; Gurera and Bhushan 2020). The droplets are deposited on the
leaves, which are slowly adsorbed.

Fig. 2.12 Montage of selected desert plants with their class for each class (adapted from Gurera
and Bhushan 2020)
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2.2.2 Cacti and Other Succulents

Succulents are a type of plants with thick, fleshy and swollen parts that are adapted
to store water and to minimize water loss (Ogburn and Edwards 2009; Gurera and
Bhushan 2020). Succulents, in general, have evolved a number of strategies for
holding onto this water. They tend to have a thick waxy coating, which helps to seal
in moisture. They are commonly found in arid regions.

While cacti are by definition succulents, they are often referred to separately
from other succulents. These species use fog as a supplemental source of water
(Mooney et al. 1977). A cactus specie, Copiapoa haseltoniana, native to the
Atacama Desert, is known to use the run off from nightly fog events to survive in
what is the driest non-polar desert in the world (Vesilind 2003). Gymnocalycium
baldianum, a cactus specie in neighboring Argentina, is known to collect and
transport water through microcapillaries (Liu et al. 2015). A specie, Opuntia
microdasys (angle’s wings, bunny ears cactus or polka dot cactus), endemic to
Mexico, features conical spines with small barbs atop that help in the collection of
water (Ju et al. 2012; Brown and Bhushan 2016; Bhushan 2018, 2019, 2020;
Gurera and Bhushan 2020). Ferocactus latispinus specie also consists of conical
spines with small barbs (Bhushan 2018, 2020). Water droplets collect on the tips of
the small barbs and once they reach critical size, they move onto the conical spine.
On the spine, the droplets move towards the base due to the curvature gradient,
providing the Laplace pressure gradient. Once at the base of the spine, the plant
absorbs the water. Laplace pressure gradient is large enough that water droplets can
defy gravity and climb upward (Bhushan 2018).

Another common succulent found in deserts is Trianthema hereroensis
(Aizoaceae) which is prevalent in the coastal desert. This plant rapidly absorbs fog
water through its leaves, apparently to supplement the water obtained through its
roots. It only grows as far inland as the fog regularly penetrates. As a result of this
relatively dependable water supply, it flowers and produces seeds throughout the
year and is thus an important source of food and shelter for many dune animals
(Seely et al. 1977).

2.2.3 Trees and Shrubs

Desert trees such as the Joshua tree collect water on their leaves and branches from
rain, fog, and dew, and store it in its trunk and leaves. Large Joshua trees are about
10 m tall and their widespread roots are about 1 m deep. The collected water coa-
lesces and drips. However, trees do not consist of any water harvesting mechanisms.

Shrubs such as the Creosote bush have fine hairs on the leaves of the plant that
intercept fog droplets where they coalesce and grow before dropping down into the
plant structure when they become too heavy, and eventually reach the roots
(Bhushan 2018, 2020).
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2.2.4 Grasses, Mosses and Lichens

A grass endemic to the Namib Desert, Stipagrostis sabulicola (Bushman grass),
collects water from fog (Brown and Bhushan 2016; Bhushan 2018, 2019, 2020;
Gurera and Bhushan 2020). Water droplets collect on the leaf before coalescing and
running down towards the base of the plant (Louw and Seely 1980; Ebner et al.
2011). The leaves feature longitudinal ridges, which facilitate water flow
(Roth-Nebelsick et al. 2012; Brown and Bhushan 2016). Another type of grass,
Setaria viridis, is also found to harvest water from fog by directionally transporting
water droplets using its grooves and conical shape (Xue et al. 2014).

Syntrichia caninervis (Mitten Steppe Screw Moss) is one of the most abundant
desert mosses in the world and thrives in extreme environments with limited water
resources (dew, fog, snow and rain) (Koch et al. 2008; Pan et al. 2016; Bhushan
2020; Gurera and Bhushan 2020). S. caninervis has a unique adaptation. It uses a
tiny hair (awn) on the end of each leaf to collect water, in addition to that collected
by the leaves themselves. Water droplets collect on the awn’s barbs which serve as
collection depots. When droplets become large enough, they move down through
micro-/nanogrooves along the length of awn to the base of the leaf (Gurera and
Bhushan 2020).

Lichens comprise a fungus living in a symbiotic relationship with an alga or
cyanobacterium (or both in some instances) (Mares 1999; Gurera and Bhushan
2020). Examples include Teloschistes capensis, Alectoria, Santessonia hereroensis,
Caloplaca elegantissima, Xanthomaculina hottentotta, and Xanthomaculina con-
volute. Lichens are abundant in both hot and cold deserts. They form crusts on
exposed rock and through the release of chemicals, dissolve the substrate to form
soil. During periods of extreme drought, lichens become dry and appear to be dead,
but with rain they absorb water and become green again. Lichens are poikilohydric,
which means they have the capacity to tolerate dehydration to low cell or tissue
water content and to recover from it without physiological damage. They do not
have water storing tissues or a waxy cuticle (Mares 1999; Gurera and Bhushan
2020).

2.2.5 Summary of Water Harvesting Mechanisms

A summary of water harvesting mechanisms used by various desert plants from fog
and dew is presented in Table 2.5 (Gurera and Bhushan 2020). Figure 2.13 presents
schematics of water harvesting mechanisms used by selected plants (Gurera and
Bhushan 2020). The selected plants are desert lily (wildflower), bunny ears cactus
(cactus), creosote bush (shrub), and Namib grass (grass) (Gurera and Bhushan
2020).
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Table 2.5 Summary of water harvesting mechanisms by various desert plants from fog and dew
(adapted from Gurera and Bhushan 2020)

Plant class Species Surface
structures
or
chemistry

Harvesting
mechanism

References

Wildflower Tripteris
oppositifolium
(Asteraceae)
Lampranthus
hoerleinianus
(Aizoaceae)
Grielum
grandiflorum
(Neuradaceae)
Oxalis eckloniana
(Oxalidaceae)

Rough
surface

Hydrophilic leaves
and adsorption

Von Hase et al.
(2006)

Cactus
(succulents)

Opuntia
microdasysa

Conical
geometry
and
grooves

Water droplets get
deposited on the spine,
which coalesce, grow
and move down onto
the spine, towards the
base, due to Laplace
pressure gradient
where they are
absorbed

Mooney et al.
(1977), Ju et al.
(2012), and
Bhushan (2018,
2019)

Ferocactus
latispinusa

Bhushan (2020)

Copiapoa
haseltonianaa

Mooney et al.
(1977) and Nobel
(2003)

Discocactus
horstiia

Turbinicarpus
schmiedickeanus
klinkerianusa

Mammillaria
theresaea

Schill et al. (1973)
and Nobel (2003)

Eulychniasa Yetman (2007)

Copiapoa cinerea
var. haseltoniana
Ferocactus
wislizenii
Mammillaria
columbiana
subsp. yucatanensis
Parodia
mammulosa

Malik et al. (2015)

Other
succulents

Trianthema
hereroensis
(Aizooceae)

Absorb water through
leaves and quickly
translocation to the
roots

Seely et al. (1977)
and Van Damme
(1991)

(continued)
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Table 2.5 (continued)

Plant class Species Surface
structures
or
chemistry

Harvesting
mechanism

References

Shrub Larrea tridentata
(Creosote bush)

Water droplets grow
on tiny hairs before
dropping down further
into the plant structure
when they get too
heavy and eventually
reaching the roots

Harris (2003)

Psorothamnus
arborescens
(Mojave Indigo
bush)

Bhushan (2020)

Arthraerua
leubnitziae
(Pencil bush)

Van Damme
(1991)

Grass
(Namib)a

Stipagrostis
sabulicola

Grooves Water droplets are
channeled down the
hydrophilic leaves
towards the base of
the plant and
eventually reaching
the roots

Seely (1979), Van
Damme (1991),
Ebner et al. (2011),
Norgaard et al.
(2012), and
Roth-Nebelsick
et al. (2012)

Moss Syntrichia
caninervis

Grooves Water droplets collect
on barbs which serve
as collection depots.
When droplets
become large enough,
they move down to
micro-/nanogrooves
along the length of
awn to its base onto
the leaf

Koch et al. (2008)
and Pan et al.
(2016)

Lichens Teloschistes
capensis
Alectoria
Santessonia
hereroensis
Caloplaca
elegantissima
Xanthomaculina
hottentotta
Xanthomaculina
convoluta

Absorb Lange et al. (1991)

Xanthoria elegans
Brodoa atrofusca
Umbilicaria
cylindrica

Reiter et al. (2008)

aAdapted from Malik et al. (2014)
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2.3 Desert Animals and Water Harvesting Mechanisms

To survive in deserts, animals use behavioral, physiological, and anatomical
adaptations (Harris 2003). The common adaptations include feeding on other ani-
mals and drinking from water sources such as rivers and lakes for fulfilling water
needs. Another is by seeking cool areas (shade, soil, rocks, caves, mines, canyons,
burrows, and higher elevations) during the hottest time of the day to avoid any
water loss due to evaporation, perspiration and breathing. Another is being noc-
turnal to harvest water from fog and dew in nights because temperatures are low
and humidity is high. In this section, water harvesting mechanisms used by various
desert animals are discussed (Gurera and Bhushan 2020).

Figure 2.14 presents the classification of the desert animals, with examples for
each classification (Gurera and Bhushan 2020). These include vertebrates and
invertebrates. Vertebrates can broadly be categorized into five classes: mammals,
birds, reptiles, fishes, and amphibians (Anonymous 1996). Figures 2.15 and 2.16
present montages of selected vertebrates and invertebrates, respectively
(Anonymous 1996; Gurera and Bhushan 2020).

Fig. 2.13 Schematics of water harvesting mechanism of selected desert plants (adapted from
Gurera and Bhushan 2020)
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2.3.1 Mammals

The mammals are the class of vertebrate animals primarily characterized by the
presence of mammary glands in the female which produce milk for the nourishment
of young, the presence of hair or fur, and which have endothermic or “warm
blooded” bodies. Large mammals survive on rivers and lakes for their water needs.
Some mammals also use water harvesting mechanisms. For example, in the case of
desert elephants, Loxodonta Africana hold water on their skin which provides many
benefits (Lillywhite and Stein 1987; Anonymous 2016; Martins et al. 2018; Gurera
and Bhushan 2020). They have an intricate network of crevices in their skin surface.
These micrometer-wide channels enhance the effectiveness of thermal regulation
(by water retention) as well as protection against parasites and intense solar radi-
ation by mud adherence. This fine pattern of channels allows spreading and
retention of 5–10 times more water on the elephant skin than on a flat surface,
impeding dehydration and improving thermal regulation over a longer period of
time.

Fig. 2.14 Classification of desert animals with examples for each class (adapted from Gurera and
Bhushan 2020)
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2.3.2 Birds

Birds, also known as Aves, are a group of endothermic vertebrates, characterized by
feathers, toothless beaked jaws, the laying of hard-shelled eggs, a high metabolic
rate, a four-chambered heart, and a strong yet lightweight skeleton (Anonymous
1995; Harris 2003). Most birds can fly. Not all flying animals are birds, and not all
birds can fly. Examples of flying birds include sandgrouse and elf owls. Male
sandgrouse, to satisfy the thirst of newly hatched chicks, bring water back to the
nest by carrying it in their feathers (Cade and Maclean 1967). In the cool of the

Fig. 2.15 Montage of selected desert animals (vertebrates) for each class (adapted from Gurera
and Bhushan 2020)
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desert morning, the male flies up to 30 km to a shallow water hole, then wades in
up to his belly. The water is collected by “rocking.” The bird shifts its body side to
side and repeatedly shakes the belly feathers in the water. Fill-up can take as long as
15 min. Due to coiled hairlike extensions on the feathers of the underparts, a
sandgrouse can soak up and transport on the order of 25 mL of water, about two
tablespoons. Once the male has flown back across the desert with his life-giving
cargo, the sandgrouse chicks crowd around him and use their bills to consume that
water (Gurera and Bhushan 2020).

2.3.3 Reptiles

Reptiles are animals in the class Reptilia. Three of the commonly known desert
reptiles are snakes, lizards, and tortoise. Reptiles mostly harvest their water via their
food and/or usually just lick and drink water from stones or vegetation (Joel et al.
2017). Reptiles avoid water loss by being inactive during the hottest times of a day.
Their waterproof skin helps them to minimize water loss through evaporation. They
also simultaneously withhold and/or drink any water available.

2.3.3.1 Snakes

Water harvesting snakes emerge from their dens or any potential roofing during rain
showers and coil up in the open. By coiling up, they bring their body loops into

Fig. 2.16 Montage of selected desert animals (invertebrates) (adapted from Gurera and Bhushan
2020)

32 2 Overview of Arid Desert Conditions, Water Sources …



close contact with each other and water is restrained in the formed shallows
between the loops (Joel et al. 2017; Bhushan 2020). Some species also exhibit a
dorsoventral flattening of the body, probably to increase the exposed surface area.
With their noses continuously in contact with the shallows and the head moving
contrary to scales’ overlap, the collected water is ingested (Gurera and Bhushan
2020).

2.3.3.2 Lizards

Moloch horridus is a lizard specie native to arid regions in western and southern
Australia (Bentley and Blumer 1962). Water droplets deposited on the body spread
out over the skin before reaching the mouth. Water movement occurs due to
capillary action along open channels in the skin. The lizard adopts a posture where
the head is depressed and the hindquarters are elevated which helps guide the water
to the mouth as reported for Phrynocephalus helioscopus, a lizard specie native to
arid regions in Asia (Schwenk and Greene 1987; Bhushan 2018).

Similarly, in the case of Phrynosoma cornutum or the Texas horned lizard, water
placed on the skin flows preferentially towards the mouth, with capillary forces
(Comanns et al. 2015). A network of capillary channels exist with a narrowing of
individual channels in the direction of the mouth (longitudinal). The narrowing of
the channels results in favorable water transport in that direction due to the cur-
vature of the liquid–air interface. In the backward direction, liquid flow is stopped
as the channel widens and pressure would need to be applied to force the liquid in
that direction (Brown and Bhushan 2016; Bhushan 2018).

2.3.3.3 Tortoises

A posture like lizards is adopted by water harvesting tortoises (Joel et al. 2017).
However, they press the front limbs against their head, probably to lead the water
from their shell towards their snout. Any flattening of their body is, apparently,
inhibited by their rigid protection (Gurera and Bhushan 2020).

2.3.4 Fish

Fish species in desert rivers are adapted to live in highly fluctuating ecosystems
(Unmack 2001; Clavero et al. 2015). One of the known species of desert fish is
Cyprinodon macularius (desert pupfish) (Anonymous 1996). Some of these fishes
can tolerate temperatures between approximately 4 and 45 °C and salinities ranging
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from 0 to 70 parts per thousand, exceeding the tolerances of virtually all other fresh
water fish. The desert pupfish can also survive dissolved-oxygen concentrations as
low as 0.13 ppm. However, they do not consist of water harvesting mechanisms
(Gurera and Bhushan 2020).

2.3.5 Amphibians

Amphibians are ectothermic, tetrapod vertebrates of the class Amphibia. Examples
include toads and frogs. Amphibians have developed morphological and behavioral
adaptations to maintain the hydric balance (Lillywhite and Licht 1974; Harris 2003;
Comanns 2018; Gurera and Bhushan 2020). Amphibians typically absorb water
through the skin. For example, surrounded by damp soil in a deep burrow, the toad
acts like a sponge and draws water into itself from the soil. Some hylid toads of the
genus Anaxyrus (e.g. A. boreas, A. woodhousii, A. punctatus) have granular skin
which contains numerous grooves in which capillary forces suck water from the
surface. A granular ventral skin absorbs more efficiently than a smooth skin. Their
accumulated water is transported even to the dorsal body parts, most likely to
maximize effective wetting of the skin to enlarge the area for water uptake and to
prevent dehydration of the epidermis (Gurera and Bhushan 2020).

Some hylid frogs, such as Litoria caerulea (Australian green treefrog) and
Phyllomedusa sauvagii (waxy monkey tree frog) survive on water droplets from
condensation of water vapor (Toledo and Jared 1993; Tracy et al. 2011). The
required thermal gradient is achieved by the ectothermic properties of the species
and temporal changes in the microhabitat. As ectotherms, the frogs cool down in the
open environment. However, when they enter warm and humid tree holes, the
temperature difference leads to condensation on the colder body surfaces of the
frog. Condensation rates up to 3 mg cm−2 on the body surface at a temperature
differential of 15 °C and duration of 20 min have been reported (Tracy et al. 2011).
Such a rate is higher than the water loss by evaporation.

2.3.6 Invertebrates

Examples of invertebrates include insects and crustaceans. Many deserts have more
insect species than all other animal groups combined. Insects common to deserts
include ants, spiders, bees, beetles, grasshoppers, butterflies, flat bugs, moths and
scorpions. They have developed many adaptations and behaviors to help them
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survive heat, drought and predators in the desert. Crustaceans are a group of aquatic
animals. Common crustaceans in deserts include fairy shrimp, snails and wharf
roaches (Gurera and Bhushan 2020).

2.3.6.1 Beetles

Beetles are commonly found in very arid Namib desert. Stenocara gracilipes and
Onymacris unguicularis beetles are native to this region. The thick exoskeletons of
beetles help minimize water loss, and the cavities beneath their forewings trap
moisture. The beetles survive as a result of water harvesting from fog. Beetles lower
their heads while oriented into the wind. Water trickles down their body and into
the mouth (Hamilton and Seely 1976). The back of the beetle comprises a random
array of about 0.5 mm diameter bumps, spaced 0.5–1.5 mm apart. The bumps are
smooth and hydrophilic, while the surrounding area is covered with microstructured
wax which is hydrophobic. Water from the fog is observed to land on the bumps
and droplets begin to grow. The droplet continues to grow (on the order of 5 mm)
until the weight of the droplet overcomes the capillary force and the droplet
detaches and rolls down the tilted beetle’s back to its mouth (Parker and Lawrence
2001; Brown and Bhushan 2016; Bhushan 2018, 2019).

Another beetle, similar to the Namib beetle, known as the flower beetle, has a
similar water harvesting mechanism (Godeau et al. 2018). One of the flower beetle
specie, G. orientalis is a large insect and can grow up to 110 mm long. It is well
known for its distinctive black and white regions, which are hydrophobic and
hydrophilic, respectively. The white regions are covered with horizontally aligned
nanohairs as well as vertically aligned microhairs. Surfaces of microhairs contain
nanogrooves. The nanogrooves may preferentially direct the movement of water
droplets for water harvesting.

2.3.6.2 Flat Bugs

The South American flat bug species, Dysodius lunatus and Dysodius magnus,
collect water for camouflage, in order to reduce their surface reflectivity, rather than
for the purpose of rehydration (Silberglied and Aiello 1980; Hischen et al. 2017;
Gurera and Bhushan 2020). Immediate spreading of water droplets is facilitated by
chemical and structural properties of the integument. Unlike most other insects, the
cuticle of these bugs is covered by a hydrophilic wax layer imparted by the
amphiphilic component erucamide (Hischen et al. 2017). In the flat bug species,
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D. lunatus and D. magnus, pillar-like surface structures provide the hydrophilic
wetting properties and spreading of water. Spreading on the surface is slower than
within integumental channels, but energetically favorable. Hence, a passive
spreading of water over the body surface is enabled (Hischen et al. 2017).

2.3.6.3 Crustaceans

Crustaceans are a group of aquatic animals that include fairy shrimps, snails, and
wharf roaches (Anonymous 1996; Harris 2003; Gurera and Bhushan 2020). Fairy
shrimp are tiny fresh water crustaceans related to lobsters, shrimps and crabs. Fairy
shrimp spend their entire lives in ephemeral pools, often located in very remote areas.
Snails use their mucus to stick their shells to a hard substrate such as the underside of
a shady rock. The mucus dries, creating a waterproof seal around the shell and
keeping the snail moist inside for months (Yom-Tov 1971; Degen et al. 1992).

Wharf roaches, such as Ligia exotica and Ligia oceanica, found in coastal
deserts, passively collect water from wet surfaces of coastal habitat (Hoese 1981;
Horiguchi et al. 2007). Water is transported in open structures of the cuticle of the
legs, which act as capillaries. The hair- and paddle-like microstructures on their two
adjacent legs collect and transport the adhered water. The water is transported
further along the swimming limbs (pleopods) and to the hindgut, near the anus, for
uptake by absorption (Horiguchi et al. 2007; Ishii et al. 2013). Collected water also
establishes a water film on the integument and evaporation provides thermoregu-
lation (Hoese 1981).

2.3.7 Summary of Water Harvesting Mechanisms

A summary of water harvesting mechanisms used by various desert animals is
presented in Tables 2.6 and 2.7 for vertebrates and invertebrates, respectively
(Gurera and Bhushan 2020). Figure 2.17a and b presents schematics of water
harvesting mechanisms used by selected vertebrates and invertebrates, respectively
(Gurera and Bhushan 2020). The selected vertebrates are elephant (mammals),
sandgrouse (birds), lizard (reptiles), and toad (amphibians). The selected inverte-
brate is Namib beetle (insects).
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Chapter 3
Selected Water Harvesting
Mechanisms—Lessons
from Living Nature

Water moves continuously above and below the surface of the Earth. Bodies of
water, clouds, evaporation and condensation all are part of the water cycle. Fog is
composed of micron-sized water droplets that form when air becomes saturated
with water vapor. Fog is a thick cloud that remains suspended in the atmosphere.
Dew is the deposit of water droplets that are formed on cold surfaces, with tem-
perature lower than the dew point, by condensation of water vapor in the air. In
many plants and animals, living nature uses fog and condensation as a vital source
of water, particularly in arid areas that receive little rainfall (Brown and Bhushan
2016; Bhushan 2018, 2019, 2020). Fog and dew always exist when the temperature
decreases late at night and in the early morning. There is evidence that over
5000 years ago, hunter–gatherer groups were able to populate arid areas along the
southern coast of Peru by utilizing fresh water from fog and condensation, though
the collection method is unknown (Beresford-Jones et al. 2015).

Since the earlier attempts by Carlos Espinosa in Chile in 1957, passive net-based
fog harvesters have been built in several countries (Klemm et al. 2012). The net is
directly exposed to the atmosphere, and the foggy air is pushed through the net by
the wind. Fog droplets are deposited on the net which combine to form large
droplets and travel by gravity to a collection dish at the bottom. In North America,
many organizations such as FogQuest have used 2D nets for fog interception and
harvesting that are able to provide a supplemental source of water in arid regions,
shown in Fig. 3.1 (Brown and Bhushan 2016; Bhushan 2018 2019). The yearly
water collection rates from 3 to 10 L m−2 per day have been reported. To increase
water collection rates, new designs were developed, such as a tower by the charity
Warka Water project, Fig. 3.1 (Brown and Bhushan 2016; Bhushan 2018, 2019,
2020). The nets in these devices are typically made of material and structures that
have not been optimized based on bioinspiration for water collection.

In living nature, several plants and animals in arid regions have evolved surface
structures and chemistries that enable them to harvest water from fog and/or con-
densation of water vapor (Bhushan 2018; Gurera and Bhushan 2020). A detailed
overview is presented in Chap. 2. Water harvesting mechanisms of selected plants
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and animals, which are being exploited for commercial applications, are presented
in Figs. 3.2 and 3.3 respectively (Brown and Bhushan 2016; Bhushan 2018, 2019,
2020). These include cactus, grass, moss, bushes, Namib desert beetles, lizards,
rattlesnakes and spider webs. On their surfaces, droplets from fog or condensation
get deposited, and grow before eventually being transported to where it is con-
sumed or stored. A key design feature is that collected water needs to be transported
to where it is stored or consumed before it is evaporated. For example, in the case of
cactus, grass, moss, or bushes, the collected water is transported towards roots or
trunk for storage, and in the case of desert beetles and lizards, collected water is
transported towards their mouths for consumption. High droplet speed is needed for
water collection purposes to minimize water loss to evaporation.

An overview of water harvesting mechanisms of selected plants and animals
follows.

3.1 Cactus

Cactus commonly survive in arid regions. They are mostly succulents, a type of
plant with thick, fleshy, and swollen parts that are adapted to store water and
minimize water loss (Ogburn and Edwards 2009). Leaves are reduced to spines to
reduce water evaporation and protect against feeding animals. Mooney et al. (1977)
reported that cacti species use fog as a supplemental source of water. Copiapoa
haseltoniana, a specie native to the Atacama Desert, utilizes the run off from nightly

Fig. 3.1 Net-based water harvesters currently available from FogQuest (photograph by Anne
Lummerich) and Warka Water (photograph by Architecture and Vision)
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fog events to survive in arid deserts (Vesilind 2003). Opuntia microdasys is a specie
of cacti endemic to Mexico, which features small barbs atop conical spines that help
in the collection of water (Ju et al. 2012; Bhushan 2018). Ferocactus latispinus is
another specie which features conical spines with tiny barbs (Bhushan 2019, 2020).
Gymnocalycium baldianum, a specie in neighboring Argentina, collects and
transports water through microcapillaries (Liu et al. 2015).

Figure 3.2 shows a schematic of spines with microscopic conical barbs on
Ferocactus latispinus specie (Bhushan 2018, 2020). Water droplets collect on the
conical spine and move towards the base due to curvature gradient providing
Laplace pressure gradient. Droplets may also collect on the tips of the small barbs
and once they reach critical size, they move onto the conical spine. Once at the base

Fig. 3.2 Water harvesting mechanisms of selected desert plants which collect water from fog and
condensation of water vapor. A combination of surface structure and chemistry results in
interception of water from fog and transport to the roots or another area where it can be consumed
or stored (adapted from Bhushan 2018, 2019, 2020)
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of the spine, the plant absorbs the water (Brown and Bhushan 2016; Bhushan
2018). Laplace pressure gradient is large enough that water droplets can defy
gravity and climb upward, as shown in Fig. 3.4 (Bhushan 2020). Analysis of
Laplace pressure gradient acting on a conical surface with curvature gradient is
presented in Appendix 3.A (Lorenceau and Quéré 2004; Bhushan 2018).

In addition to the presence of Laplace pressure gradient on a conical object, the
surface slope changes the gravitational forces acting on the surface. Therefore, for a
conical object, with tip pointed outward, and inclined with an angle higher than 0°
with respect to the horizontal axis, droplet movement is facilitated both by Laplace
pressure gradient and gravitational forces.

A number of water collection experiments have been performed on conical
surfaces and on triangular geometry on flat surfaces to demonstrate that Laplace
pressure gradient assists in droplet transport which increases the water collection
rate (Bhushan 2018, 2019, 2020).

Fig. 3.3 Water harvesting mechanisms of selected desert animals which collect water from fog
and condensation of water vapor. A combination of surface structure and chemistry results in
interception of water from fog and transport to the mouth or another area where it can be consumed
or stored (adapted from Bhushan 2018, 2019, 2020)
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3.2 Grass

Other plant species adapted to collect water from fog include Stipagrostis sabuli-
cola, a grass endemic to the Namib desert (Brown and Bhushan 2016; Bhushan
2018). Water droplets collect on the leaf before coalescing and running down
towards the base of the plant (Louw and Seely 1980; Ebner et al. 2011;
Roth-Nebelsick et al. 2012). The leaves feature longitudinal ridges, which channel
the fluid flow, shown in Fig. 3.2. Another type of grass, Setaria viridis, is found to
collect water with a similar structure and mechanism which is the same as that in
the Opuntia microdasys cacti (Xue et al. 2014).

3.3 Desert Moss

Desert moss can survive in extremely arid regions. Syntrichia caninervis is a
common desert moss. This plant is unique because its leaf surfaces must be wet for
photosynthesis to occur, and its root-like structures do not collect water from the
soil. The 0.5–2 mm long hair-like structures, referred to as awns or trichomes, exist
at the tip of each leaf of the S. carninervis, which are used to collect water from fog,
dew and rain (Fig. 3.3) (Koch et al. 2008; Pan et al. 2016; Bhushan 2018, 2020).

Awns are hydrophobic and have multiscale structure which facilitate water
collection and transport. The awn is covered with nano- and micro-scale grooves
and larger scale elongated conical barbs. Barbs serve as collection depots where
collected water forms small droplets. When droplets become large enough, they
move downward due to Laplace pressure gradient through the micro-/nano-groves
present along the length of the awn. Droplets then move towards its base on the leaf
surface. The awns provide water collection, droplet formation, and rapid trans-
portation to the leaf to keep the moss alive (Bhushan 2020).

Fig. 3.4 Photographs of water droplets initially collected at the barb tip and/or spines of
Ferocactus latispinus, climbed up over the cactus spine due to Laplace pressure gradient. Droplets
defy gravity (adapted from Bhushan 2020)
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3.4 Bushes

Larrea tridentata bush can survive in arid regions and is known to collect water
from fog. Fine hairs on the leaves of the plant intercept fog droplets where they
coalesce and grow before dropping down into the plant structure when they become
too heavy, and eventually reach to the roots, as shown in Fig. 3.2 (Bhushan 2018,
2020).

3.5 Namib Desert Beetles

The Namib desert in southern Africa is one of the most arid regions in the world
with average annual rainfall of only on the order of 18 mm, and it is not uncommon
to experience consecutive years with no rainfall at all (Shanyengana et al. 2002).
Stenocara gracilipes and Onymacris unguicularis are beetles native to this region.
The beetles survive as a result of collection of water from fog. The first observation
of fog harvesting in the Namib desert was made by Hamilton and Seely (1976), with
beetles emerging during nocturnal fogs and lowering their heads while oriented into
the wind. The water was found to trickle down the body of the beetle and into the
mouth.

The back of the beetle is comprised of a random array of about 0.5 mm diameter
bumps spaced 0.5–1.5 mm apart, shown in Fig. 3.3. The bumps are smooth, while
the surrounding area is covered in microstructured wax (Parker and Lawrence
2001). The bumps are hydrophilic while the background wax is hydrophobic.
Water from the fog lands on the bumps and droplets begin to grow. The droplet
continues to grow (up to about 5 mm) until the weight of the droplet overcomes the
capillary force and the droplet detaches and gets transported to the neighboring
hydrophobic region and eventually rolls down the tilted beetle’s back to its mouth
(Bhushan 2018, 2019, 2020). Definition of various wetting states are presented in
Appendix 3.B.

It has been shown that superhydrophobic surfaces with superhydrophilic spots
increase the fog water collection as compared to the flat surfaces with various
homogeneous wettability (Bhushan 2018, 2019, 2020). These experiments verified
that an array of hydrophilic bumps on a hydrophobic background is efficient for fog
harvesting.

3.6 Lizards

Moloch horridus is a lizard specie native to arid regions in western and southern
Australia, shown in Fig. 3.3. Water droplets deposited on the body spread out over
the skin before reaching the mouth (Bentley and Blumer 1962). Water movement
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occurs due to capillary action along open channels in the skin. The lizard adopts a
posture where the head is depressed and the hindquarters are elevated which helps
guide the water to the mouth, as reported for Phrynocephalus helioscopus, a species
of lizard native to arid regions in Asia (Schwenk and Greene 1987; Bhushan 2018,
2019, 2020). Similarly, in the case of Phrynosoma cornutum or the Texas horned
lizard, water placed on the skin flowed preferentially towards the mouth, with
capillary forces dominating over gravitational and viscous forces, shown in Fig. 3.5
(Comanns et al. 2015). A network of capillary channels exist with a narrowing of
individual channels in the direction of the mouth (longitudinal), shown in Fig. 3.3
(Bhushan 2018). An abrupt widening from one channel to the next, in addition to an
interconnecting narrower channel running laterally, would follow. The narrowing of
the channel results in favorable water transport in that direction due to the curvature
of the liquid–air interface. The lateral interconnecting channels overcome the effects
of the abrupt widening and help maintain an advancing liquid front. In the back-
ward direction, liquid flow is stopped as the channel widens and pressure would
need to be applied to force the liquid in that direction (Brown and Bhushan 2016;
Bhushan 2018, 2019, 2020).

3.7 Rattlesnakes

Many moisture-harvesting reptiles collect water from fog. For example, desert
snakes emerge from their dens or any potential roofing during rain showers and coil
up in the open. By coiling up, they bring their body loops in close contact with each

Fig. 3.5 Time-lapse images showing directional spreading of water droplets deposited on lizard
skin. Preferential water transport occurs towards the snout (adapted from Comanns et al. 2015)
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other and water is retained in the formed shallows between the loops, shown in
Fig. 3.3 (Cardwell 2006; Gorb and Gorb 2017; Bhushan 2020; Gurera and Bhushan
2020). Some species also exhibit a dorsoventral flattening of the body, probably to
increase exposed surface area. With the snout continuously in contact with the
shallows and the head moving contrary to scales’ overlap, the collected water is
ingested.

3.8 Spider Webs

Spider webs are known to collect water, as evidenced by capturing a dew-glistened
web, shown in Fig. 3.3 (Brown and Bhushan 2016; Bhushan 2018). Dry webs
undergo moisture-induced structural reorganization. First, the hygroscopic nature of
the proteins contained within the silk results in the condensation of water droplets
and the swelling of the cylindrical silk thread. This cylinder is then broken up due to
Rayleigh instability, where a cylinder of fluid will break up into smaller drops to
lower its surface area, resulting in the formation of a “beads on a string” structure
with a series of knots periodically spaced along the thread, shown in Fig. 3.6a
(Edmonds and Vollrath 1992; Brown and Bhushan 2016; Bhushan 2018). It is
believed that this rebuilding of the web structure and subsequent water capture is
beneficial for the spider, as not only does it provide a source of drinking water, but
it also results in improved capture of prey due to the water-swollen knots possessing
enhanced adhesive properties (Edmonds and Vollrath 1992).

Web knots are known to be composed of randomly oriented porous nanofibrils,
while the interconnecting joints are composed of stretched porous nanofibrils
aligned parallel to the thread, shown in Fig. 3.6b–d (Zheng et al. 2010; Brown and
Bhushan 2016; Bhushan 2018). When water condenses on the wet-rebuilt silk fiber,
the droplets condensing on the joints are found to move to the knots, shown in
Fig. 3.6e–j. A combination of a surface tension gradient and a Laplace pressure
gradient is believed to be responsible for the water movement (Zheng et al. 2010).
Surface tension gradient occurs due to the knots displaying a rougher surface
because of the randomly oriented nanofibrils. The roughness enhances their
hydrophilicity, since the droplets are in the Wenzel state of wetting. Laplace
pressure gradient occurs due to the larger radius of curvature of the joints compared
to that of knots. Droplets, therefore, move on a conical fiber from regions of smaller
radius to regions of larger radius (Brown and Bhushan, 2016; Bhushan, 2018).

3.9 Summary

Many plants and animals commonly found in arid regions exhibit the ability to
harvest water from fog and condensation of water vapor. Water harvesting mech-
anisms of selected plants and animals are presented in Figs. 3.2 and 3.3 (Brown and
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Bhushan 2016; Bhushan 2018, 2019, 2020). These examples typically contain a
combination of surface structure and chemistry to achieve efficient interception,
transport, and collection of water. A key design in consideration is to transport
water to where it is stored or consumed before it is evaporated. Species use various
methods including heterogeneous wettability, longitudinal grooves and conical or
triangular geometry (to drive droplets by Laplace pressure gradient). A summary is
presented in Table 3.1 (Gurera and Bhushan 2020).

In the case of cactus, water droplets collect on tips of small conical barbs and/or
spines and grow and move down onto spine towards the base due to Laplace
pressure gradients. Certain grasses contain grooved surfaces with anisotropic
wetting characteristics, which direct water down towards the roots. In the case of
desert moss, water droplets collect on the barbs which serve as collection depots.
When droplets become large enough, they move down to the micro-/nano-groves
along the length of awn. Droplets then move the base onto the leaf surface. Some
bushes contain fine hairs on the leaves of the plant which intercept fog droplets
where they coalesce, grow, and drop down into the plant structure when they
become heavy, eventually reaching to the roots.

Fig. 3.6 a Image of spider web after water-induced structural changes, comprising thick knots
connected by thinner joints due to Rayleigh instability; b–d SEM images showing morphology of
knot and joint; and e–j time-lapse images showing preferential transport of water droplets from
joints to knots on a silk fiber (adapted from Edmonds and Vollrath 1992; Zheng et al. 2010; Brown
and Bhushan 2016; Bhushan 2018)
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A desert beetle shell comprises a random array of bumps. These bumps are
hydrophilic, while the rest of the beetle back is hydrophobic. Therefore, water
droplets collect on these bumps and once they are large enough, travel over the
body of the beetle and into its mouth. In some species of lizards, water droplets
spread out over the skin before reaching the mouth. The water movement occurs
due to capillary action along the open channels in the skin. During rain showers, by
coiling up, they bring their body loops in close contact with each other and water is
retained in the formed shallows between the loops. Spider webs are also known to
collect water. First, the hygroscopic nature of the proteins contained within the silk
results in condensation of water droplets and swelling of the cylindrical silk fiber.
This results in the formation of water-swollen knots with interconnecting joints.
Compared to the joints, the knots are rougher with higher hydrophilicity and have a
smaller radius, which produce a combination of surface energy and Laplace pres-
sure gradients, respectively. Therefore, further condensation of water droplets on
the joints move these to the knots of a conical fiber.

Selected dimensions of cactus, desert grass and desert beetle are presented in
Table 3.2 (Gurera and Bhushan 2019).

Table 3.1 Summary of selected water harvesting mechanisms with potential in commercial
applications

Water harvesting mechanisms Plant and animal species

Heterogeneous wettability Beetle

Laplace pressure gradient Cactus, spider web

Grooves Grass, cactus, moss, elephant, lizard, toad

Water retention in shallows Rattlesnakes

Coalescence and gravity Bush

Table 3.2 Selected dimensions describing three water collecting species (adapted from Gurera
and Bhushan 2019)

Water collecting
specie

Dimensions and contact angles

Cactusa Spine length *1.5 mm, base diameter *50 µm,
tip angle—10°, barbed length—top 1/4th of the spine length, groove
length—bottom 3/4th of the spine length, groove width *2 µm, groove
pitch *20 µm, contact angle *120°

Desert grassb Width *2 mm, length <2000 mm, groove width *0.3 mm, groove
pitch *0.4 mm, contact angle *75°

Desert beetlec Hydrophilic spot diameter—0.2 to 0.5 mm, pitch—0.5 to 1.5 mm on a
hydrophobic surface (*105°)

aJu et al. (2012)
bRoth-Nebelsick et al. (2012)
cParker and Lawrence (2001)
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Appendix 3.A: Laplace Pressure Gradient on a Conical
Surface

For a spherical droplet sitting on a surface, capillary pressure or Laplace pressure in
the liquid pL is proportional to the surface tension of the liquid in air (cLA) divided
by the local radius, R (Adamson and Gast 1997; Bhushan 2013a, b, 2018),

pL ¼ cLA

R
ð3:A:1Þ

The Laplace pressure can be attractive or repulsive depending on whether the
surface is hydrophilic or hydrophobic, respectively. The pL remains constant on a
flat surface.

Next, we consider a liquid droplet sitting on a conical object. We consider two
adjacent locations A and B with the local radii of the cone, as RA and RB, respec-
tively, Fig. 3.A.1 (Bhushan 2018). The surface curvature gradient results in the
Laplace pressure difference between the two opposite ends of the droplet along the
surface. The Laplace pressure difference is given as,

DpL ¼ cLA
1

R0
A

� 1
R0

B

� �
ð3:A:2Þ

Fig. 3.A.1 Schematic of a
liquid droplet on a conical
object with a cone angle of 2a
and local radii RA and RB at
two locations of A and B,
respectively. Shown is the
Laplace force (FL) which
helps in driving the droplet
towards a larger radius
(adapted from Bhushan 2018)
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where R
0
A and R

0
B are the radii of curvature at the front and rear contact lines of the

droplet, respectively. The curvature gradient leading to Laplace pressure difference
that acts on the contact area A, produces the Laplace force FL,

FL ¼
ZZ
A

DpLdA ð3:A:3Þ

where the contact area is approximately equal to volume of the droplet, Vdroplet

divided by the length L of the droplet,

A� sin a
RB � RAð ÞVdroplet ð3:A:4Þ

where a is the half apex angle of the cone. Combining (3.A.2) to (3.A.5), we get,

FL � cLA
1

R0
A
� 1

R0
B

� �
sin a

RB � RA
Vdroplet ð3:A:5Þ

The Laplace force acting on a conical object drives the droplet from regions of
lower radius to larger radius as long as the Laplace force is larger than adhesion force.
During this droplet movement, new droplets may be deposited in the path, which
coalesce resulting in a large liquid volume and provide the additional movement.

Appendix 3.B: Definition of Various Wetting States

To define various wetting states of surfaces, we start with the definition of a few
Greek words of interest for liquids: hydro- = water, oleo- = oil, amphi- = both
(water and oil in this context), omni- = all or everything, and liquid- = an
unspecified liquid. Within oils, edible oils have a surface tension larger than
30 mN/m and alkanes-based oils have a surface tension 20–30 mN/m. Greek suf-
fixes of interest are: -philic = friendly or attracting, and -phobic = afraid of or
repelling.

Figure 3.B.1 shows schematics of various wetting states (Bhushan 2016, 2018).
If a liquid wet a surface, it is referred to as a wetting liquid and the value of the
static contact angle is 0� h� 90�. A surface that is wetted by a wetting liquid is
referred to as hydrophilic if that wetting liquid is water, oleophilic if it is oil,
amphiphilic if it can be wetted by water and oil, omniphilic if all liquids wet the
surface, and liquiphilic if the liquid is unspecified. If the liquid does not wet the
surface, it is referred to as a non-wetting liquid, and the value of the contact angle is
90° < h � 180°. A surface that repels a liquid is referred to as hydrophobic if it
repels water, oleophobic for oil, amphiphobic if it repels both water and oil,
omniphobic if it repels all liquids, and liquiphobic if the liquid is unspecified.
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Surfaces with a contact angle of less than 10° are called superliquiphilic, while
surfaces with a contact angle between 150° and 180° are called superliquiphobic.
The words superliquiphilic and superliquiphobic were coined by Bhushan (2016).
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Chapter 4
Bioinspired Flat and Conical Surfaces
for Water Harvesting

It has been mentioned in Chap. 3, that beetles use surfaces, with heterogeneous
wettability cactus spines and spider silk use conical geometry, and blades of grass
use longitudinal grooves to drive water droplets for water transport and storage/use,
before they evaporate. Bioinspired surfaces for water harvesting from fog have been
inspired by the beetle (Garrod et al. 2007; Bai et al. 2014; Gurera and Bhushan
2019a), grass (Azad et al. 2015; Gurera and Bhushan 2019a, b), and cactus (Ju et al.
2013; Gurera and Bhushan 2019a, b, c, d; Schriner and Bhushan 2019). For water
harvesting from condensation of water vapor, cactus- and spider silk-inspired
conical surfaces have also been used (Gurera and Bhushan 2020).

It should be noted that cactus- and spider silk-inspired triangular patterns also
have been used for water transport (Chap. 5). The crucial thing for a droplet to
move inside a triangular pattern is that it should be touching the borders. This is not
the case in cones. Laplace pressure gradient always acts on a droplet sitting on a
cone. This presents a clear advantage of cones over flat triangular patterns.
However, in the case of cones, with the bottom surface being horizontal, gravita-
tional forces will reduce the distance travelled and the speed of a droplet.
Gravitational forces will assist if the cone tip is pointed upwards.

Systematic studies of water collection from fog on flat and conical surfaces was
carried out by Gurera and Bhushan (2019a, b, c). Heterogeneous wettability,
Laplace pressure gradient, gravitational effects, and grooved surfaces were inves-
tigated on flat and conical water collectors. The flat surfaces with different wetta-
bility and surface roughness as well as heterogeneous wettability were characterized
for their water collection abilities. Conical surfaces with different geometry,
ungrooved and grooved, and different wettability were characterized for droplet
movement and their water collection abilities at different inclination angles. Cones
with nonlinear surface profiles, to maximize the effects of Laplace pressure gradient
and gravitation effects, were also studied.

A systematic study of water harvesting from condensation of water vapor on
conical surfaces was carried out by Gurera and Bhushan (2020). Metallic cones of
different tip angle, cone length and surface area were used. Effect of inclination
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angle and array was also studied. The results were compared with the water col-
lection from fog.

In this chapter, an overview of studies of water harvesting from fog or con-
densation using flat and conical surfaces carried out by Gurera and Bhushan (2019a,
b, c, 2020) is presented. Based on the data, design guidelines for water harvesting
towers with heterogeneous wettability and/or consisting of conical arrays are pre-
sented (Bhushan 2018, 2019a).

4.1 Experimental Details

This section describes fabrication of various surfaces, and the experimental appa-
ratus used for water collection measurements from fog or condensation (Gurera and
Bhushan 2019a, b, c, 2020).

4.1.1 Fabrication of Water Collector Surfaces for Fog

4.1.1.1 Flat Surfaces with Homogeneous and Heterogeneous
Wettability

Flat surfaces with homogeneous wettability included superhydrophobicity,
hydrophobicity, hydrophilicity, and superhydrophilicity (Bhushan 2017, 2018).
Beetle-inspired surfaces consisted of superhydrophilic spots over a superhy-
drophobic background. A spot size of 0.5 mm diameter and a pitch of 1 mm was
chosen, which was inspired from the desert beetle’s dimensions, as given in
Table 3.1 (Gurera and Bhushan 2019a). To study whether the size of the asperities
roughly equal to the size of fog droplets or smaller affects water collection, su-
perhydrophobic surfaces with two surface roughnesses were fabricated. As stated
earlier, fog has water droplets of diameter on the order of 10 µm which will interact
with the surface based on its surface roughness and surface energy. Therefore, two
sizes of nanoparticles were chosen, one comparable to the fog droplet size (10 µm)
and another much smaller (7 nm) (Gurera and Bhushan 2019a).

The substrate used was polycarbonate (PC) because it is a tough material and is
commonly used in the fabrication of water bottles. PC substrate is hydrophilic. It
was made hydrophobic by vapor deposition of fluorosilane (448931, Sigma
Aldrich). The 20 mm � 20 mm samples were placed upside down and a droplet of
fluorosilane was placed 1 cm below in an enclosure, and was left for 30 min
(Brown and Bhushan 2015).

A superhydrophobic surface was fabricated by spray coating a mixture of
hydrophobic silica particles and methylphenyl silicone (SR355S, Momentive
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Performance Materials) binder on the uncoated PC (Bhushan and Martin 2018;
Bhushan 2018, 2019b) (Fig. 4.1). Two different sizes of particles were used—
10 µm (Aerosil VM2270) and 7 nm (Aerosil RX300). The coating mixture was
prepared by mixing 375 mg of the particles and 150 mg of the binder in 30 mL of
solvent in an ultrasonifier (Branson Sonifier 450A, Emerson Electric Co., St. Louis,
Missouri) for 30 min. The solvent used was 40% tetrahydrofuran (THF, Fisher
Scientific) and 60% isopropyl alcohol (IPA, Fisher Scientific).

Superhydrophilicity was introduced by treating the PC surface with
ultraviolet-ozone (UVO) light. The UVO lamp used was a U-shaped lamp (18.4 W,
Model G18T5VH-U, Atlantic Ultraviolet Co.), and the samples were kept directly
underneath the light source for 60 min.

To fabricate a beetle-inspired surface, superhydrophilic spots were introduced on
the superhydrophobic surface by irradiating the spray coated surface using UVO
light through a mask. Schematic of the mask is also shown in Fig. 4.1.

Wettability of surfaces was characterized by measuring static contact angles
(CA). The contact angles were measured using an automated goniometer (Model
290, Ramé-Hart Instrument Co.). Five µL distilled water droplets were deposited on
to the surface using microsyringe, and the static contact angles were measured by
taking static profile images of the water droplets. The profile images were analysed
using the DROPimage software.

Fig. 4.1 Fabrication of surfaces with heterogeneous wettability for beetle-inspired water
collectors (adapted from Gurera and Bhushan 2019a)
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4.1.1.2 Conical Surfaces With and Without Grooves
and Homogeneous and Heterogeneous Wettability

Cactus- and spider silk-inspired conical surfaces with and without grooves (grooves
inspired by grass), and with homogeneous or heterogeneous wettability (hetero-
geneity inspired by beetles), were fabricated using additive manufacturing or 3D
printing (Objet30 Prime, Stratasys) that allows flexibility in designing and scala-
bility (Gurera and Bhushan 2019a, b). The machine uses the PolyJet 3D printing
technology which is similar to inkjet printing, and jets layers of curable liquid
photopolymer onto a build tray. It has an accuracy of 0.1 mm. The material used
was acrylic polymer, RGD720. Surface wettability was modified by surface treat-
ment and/or coating deposition.

Cylinder Versus Cone
Conical and cylindrical surfaces were fabricated to study the role of conical
geometry. Schematics of cylindrical and conical geometries are presented in
Fig. 4.2. The designs were based on the dimensions of natural species, summarized
in Table 3.1. A base diameter of the cylinder of 3 mm was chosen in an effort to
mimic the grass’s diameter. The length was chosen to be 35 mm. To keep the
surface area and the length constant, the base diameter of the cone, 6 mm, was
doubled to that of cylinder, and the tip angle was kept at 10°, as seen in cactus
spines (Gurera and Bhushan 2019a).

Fig. 4.2 Schematics of a 3D
printed cylinder and a cactus-
and spider silk-inspired cone
with equal surface area
(adapted from Gurera and
Bhushan 2019a)
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Single Cone

(a) Geometry. To study the effect of conical geometry, two tip angles were chosen:
10° and 45°. Cacti conical spines have a tip angle of about 10°, as mentioned in
Table 3.1. For comparison, a larger tip angle of 45° was chosen (Gurera and
Bhushan 2019b). When considering the collection of water from fog, a com-
parison between cones of different tip angles and the same surface area is
needed because fog intercepts the entire surface and droplets are formed across
the whole surface. Therefore, having a similar number of water nucleation sites
presents a fair comparison. It is known that a droplet moves from the tip to the
base under a fog flow. Therefore, comparing tip angles with same lengths,
presents another fair comparison. This results in the traveling distance for
droplets to be the same on each cone.

Three cones with two tip angles were fabricated—one pair with the same
surface area (330 mm2) and another pair with the same length (15 mm), as
shown in Fig. 4.3a (Gurera and Bhushan 2019b). The surface area, A, is given
by pl2 tanðh=2Þ= cosðh=2Þð Þ where l is the cone length, and h is the tip angle.

(b) Grooves. A representative cone of 45° tip angle and 15 mm length, was chosen
to investigate the effect of grooves inspired by desert grass and cactus, as shown
in Fig. 4.3b (Gurera and Bhushan 2019b). The number of grooves selected
were 8; they were spaced equidistantly, and ran up to 3/4th of the cone’s length,
as inspired from cactus. The thin grooves found on a cactus spine could not be
fabricated using the 3D printer. Therefore, grooves’ cross sectional dimension,
0.4 mm by 0.4 mm, inspired from grass (Table 3.1), was used.

(c) Heterogeneity. A representative cone of 45° tip angle and 15 mm length, was
chosen to investigate the effect of heterogeneity, as shown in Fig. 4.3b (Gurera
and Bhushan 2019b). Heterogeneous wettability in grass and cactus does not
exist in nature. It was incorporated with inspiration coming from the desert
beetle. Heterogeneous wettability in the conical surfaces included a
hydrophobic tip with a superhydrophilic base. A hydrophobic tip was selected
as it can collect more water, and a superhydrophilic base because it can
transport the collected water quickly to the base. Superhydrophobic tips are not
recommended because droplets will not stick to the surface and will fly away
instead because of the low tilt angle.

For fabrication, the entire surface of the cones were made superhydrophilic
using a UVO lamp. The bottom 3/4th was then covered with Teflon tape and
the entire object was subjected to fluorination; afterwards the tape was
removed. The fluorination was achieved via vapor deposition of fluorosilane
(448931, Sigma Aldrich). The samples were placed upside down and a droplet
of fluorosilane was placed 1 cm below the tip in an enclosure, and was left for
30 min (Brown and Bhushan 2015).
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Conical Array
To design arrays, representative cones with 45° tip angle and 15 mm length, were
chosen. Seven cones were selected in the array, with end-to-end spacing between
two adjacent cones of about 2 mm, as shown in Fig. 4.3c.

Nonlinear Cone
To study the effect of surface profiles of cones, a nonlinear cone was fabricated,
shown in Fig. 4.4 (Gurera and Bhushan 2019c). The dimensions of the cone were

Fig. 4.3 Schematics of 3D printed cactus- and spider silk-, grass-, and beetle-inspired conical
water collectors. a Single cones with 10° or 45° tip angles having either same length (15 mm) or
same surface area (330 mm2), b grooved cone with 8 grooves running up to 3/4th of the length
starting from the base, and a cone with heterogeneous wettability with bottom 3/4th of the cone
superhydrophilic and top 1/4th hydrophobic, and c a conical array with 7 cones with 45° tip angle
(adapted from Gurera and Bhushan 2019b)
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based on two linear cones, with tip angles of 10° and 45°, and length of 15 mm,
which are also shown (Gurera and Bhushan 2019b). To design the nonlinear cone,
the length of 15 mm and the base diameter of 13 mm of the linear cone of 45° tip
angle, but a lower tip angle of 10° were selected. A cubic polynomial was fitted
with selected slopes at the tip and at the base.

4.1.2 Fabrication of Water Collector Surfaces
for Condensation

Thermally conducting cones are needed for condensation studies. Aluminium single
cones and arrays were fabricated for condensation studies (Gurera and Bhushan, 2020).

4.1.2.1 Single Cone

To study the effect of tip geometry, two tip angles were chosen: 10° and 45°. As
mentioned earlier, cacti conical spines have a tip angle of 10°. For comparison, a
larger tip angle of 45° was also chosen (Gurera and Bhushan 2020).

When considering the collection of water from condensation, a comparison
between cones of same surface area or same length is needed. Condensation is a
process in which vapors change into liquid water state and they do that by forming
water nucleation site across the surface. Therefore, having a similar number of

Fig. 4.4 Schematics of linear
and nonlinear conical water
collectors. A nonlinear cone
with same length and same
base diameter of 45° tip angle
cone, but a smaller tip angle
of 10° was designed with a
concave shape. Two linear
cones of the same length and
10° and 45° tip angles were
also fabricated for comparison
(adapted from Gurera and
Bhushan 2019c)
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water nucleation sites presents a fair comparison. It is known that droplets travel
from the tip to the base. Therefore, another fair comparison is presented by com-
paring different tip angles with same cone lengths. This results in the traveling
distance for droplets to be the same on each cone (Gurera and Bhushan 2020).

Fig. 4.5 Schematics of
cactus- and spider
silk-inspired conical water
collectors, made of 6061
aluminum. a Single cones
with 10° and 45° tip angles
having either same length
(15 mm) or same surface area
(330 mm2) and b a conical
array with 7 cones and 45° tip
angle (adapted from Gurera
and Bhushan 2020)
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Three cones with two tip angles, were fabricated—a pair with the same surface
area (330 mm2) and another pair with the same cone length (15 mm), as shown in
Fig. 4.5a.

Single cones of 6061 aluminum were machined using a CNC lathe (TL-2, Haas,
Oxnard, California), using a high-speed steel tool bit. The machined surfaces were
rough. When scaling up for mass fabrication CNC may not be a preferable fabri-
cation method. Additive manufacturing (3D printing) is a preferable method for
scale up, and they provide smooth surfaces. Therefore, to produce the aluminum
cones with surface roughness similar to that of 3D printing, the cones were
hand-polished using a sand paper (Part #: 00375337, Crocus fine grade, MSC
Industrial, Melville, New York) (Gurera and Bhushan 2020). Surface roughness
affects water collection rate (Gurera and Bhushan 2020).

Figure 4.6 (left) presents surface roughness plot of polished aluminum. The
surface roughness was characterized using two parameters—root mean square (r)
and peak-to-valley distance (P-V) (Bhushan 2013). The characterization tool was an
optical profiler (ZeGage™ 3D Optical Surface Profiler, Zygo, Connecticut). The
roughness data for 3D printed acrylic polymer cone is also presented for compar-
ison, Fig. 4.6 (right) (Gurera and Bhushan 2020). Surface roughness of polished
aluminum cone is of the same order as that of a 3D printed acrylic cone.

4.1.2.2 Array

A representative cone of 45° tip angle and about 15 mm length was chosen to
investigate the effect of array, as shown in Fig. 4.5b. Seven cones were chosen in
the array, with end-to-end spacing of about 2 mm, which resulted in a hexagonal
array (Gurera and Bhushan 2020).

Fig. 4.6 Surface roughness plots of polished aluminum (left) and a 3D-printed acrylic polymer
(right). The surface roughness was characterized using two parameters—root mean square (r) and
peak-to-valley (P-V) distance (adapted from Gurera and Bhushan 2020)
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For the array, individual cones were manufactured in the same way and they
were tack-welded onto a flat plate with predefined holes. The flat plate was also
CNC-machined and was made of the same material as of the cones (Gurera and
Bhushan 2020).

4.1.3 Experimental Apparatuses for Water Collection

4.1.3.1 Single Droplet Experiments

Single droplet experiments were carried out to understand droplet transport mecha-
nism on cones. The effect of the tip angle of cones and their orientation on the
movement of droplets of known volume was studied. Two tip angles were chosen:
10° and 45°. The cones were placed with either sideline or centerline in the horizontal
orientation. Sideline in the horizontal orientation was used to study the role of
Laplace pressure gradient on the movement of the droplets. Whereas, with centerline
in the horizontal orientation, gravitational force also contributed to the movement.
Using a pipette, a droplet was placed at the tip of the cone and its motion was
photographed (Gurera and Bhushan 2019b; Schriner and Bhushan 2019).

Droplets were fed in increments of 5 µL volume (about 2 mm diameter) which
is small enough volume for them to stick to the surface, rather than fall off when
ejected from the pipette. Droplets were fed to a total volume of 40 µL, as beyond
that volume, droplets fall.

Dependent upon the size of the droplet, it moved for some distance and stopped.
After the first droplet had stopped, the pipette was pointed at the current location of
the droplet, not the tip of the cone. The increments were added until the droplets
detached and fell off the cone surface. Droplets fall because at higher volumes,
gravitational forces dominate the capillary forces. For the cones used in this study,
droplets detached at deposition of total water volume of about 40 µL.

The distance traveled as a function of droplet volume on the two cones was
recorded. The distance was measured from the tip of the cone to the center of the
droplet. Experiments were repeated three times for each cone. The average and
standard deviation of the distance was reported at every 10 µL increment (Gurera
and Bhushan 2019b).

4.1.3.2 Water Collection from Fog

Figure 4.7a shows a schematic of the water collection apparatus used to collect
water from fog (Gurera and Bhushan 2019a, b). The conical samples were mounted
to a base. The sample base was inclined at either 0° or 45° from vertical axis (h) A
commercial humidifier (EE-3186, Crane, Itasca, Illinois) was used to produce a
stream of fog onto a surface. The falling water droplets were collected in a container
and were measured using an analytical balance (B044038, Denver Investment
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Company, Bohemia, New York) underneath. The minimum mass the balance could
measure was 1 mg. The humidifier which emits fog at about 10 cm/s was kept
about 20 cm away from the surface. The flow speed was calculated by measuring
the volume of water lost over time, and by knowing the diameter of the pipe
through which the fog was blown out.

When the fog is turned on, droplets form all across the intercepted surface area.
There are two forces which drive these droplets to the base—gravity and force due
to the Laplace pressure gradient. To characterize the effect of both forces indi-
vidually, two inclination angles were chosen—0° and 45°; here 0° means the cone
axis is parallel to the fog flow (horizontal). At 0° inclination angle, the only driving
force is the Laplace pressure gradient. At 45° inclination angle, the force due to
both gravity and the Laplace pressure gradient act on the droplets. In the experi-
ments, mass range of each collected drop was about 30–60 mg.

A representative data of amount of water collection as a function of time for two
surfaces is presented in Fig. 4.7b. The two surfaces were cones with a 10° tip angle

Fig. 4.7 a Schematic of
experimental apparatus for
water collection from fog.
A commercial humidifier was
used to throw a stream of fog
on a cone sample. The sample
base was inclined at either 0°
or 45° from vertical axis (h).
Inclination angle of 0° means
that the cone axis is parallel to
the fog flow (horizontal). The
collected water was measured
by an analytical balance
underneath. b A
representative water
collection (mg) versus time
(h) plot for hydrophilic flat
surface, and hydrophilic cone
surface of 10° tip angle and
35 mm length, both at 45°
inclination (adapted from
Gurera and Bhushan 2019a,
b)
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and a flat surface. Both were hydrophilic, had the same surface area of about
330 mm2, and were inclined at a 45° angle.

4.1.3.3 Water Collection from Condensation

Figure 4.8 shows a schematic of the water collection apparatus used to collect water
from condensation (Gurera and Bhushan 2020). The bioinspired cone samples were
thermally glued to an aluminum block, with a thermoelectric Peltier cooler
(GeekTeches) underneath. The Peltier cooler was used to cool the sample to about
5 ± 1 °C, which is below the dew point. Thermal glue was used to secure the
positions (HY910, Halnziye, Shenzhen, Guangdong, China; thermal conductivity:
about 1 W/m K). A superhydrophobic plate was used to avoid contact of falling
droplets with the aluminum block or the Peltier cooler and for falling droplets to
travel to the container. The sample base was inclined at either 0° or 45° from
vertical axis (h) (Gurera and Bhushan 2020).

Every falling water droplet was collected in a container and was weighed using
an analytical balance (B044038, Denver Instrument Company, Bohemia, New
York). The minimum mass it can measure is 1 mg. In the experiments, the lowest
mass of collected water measured was about 10 mg. The typical mass range of each
collected drop was about 50–70 mg.

Fig. 4.8 Schematic of experimental apparatus for water collection from condensation. An
aluminum cone was thermally glued to an aluminum block with a Peltier cooler underneath. The
sample base was inclined at either 0° or 45° from vertical axis (h). The collected water was
measured by an analytical balance underneath. The ambient temperature and humidity was
maintained at 22 ± 1 °C and 50 ± 5%, respectively (adapted from Gurera and Bhushan 2020)
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The samples were housed in an acrylic chamber (1 m � 0.5 m � 0.8 m). The
air temperature in the chamber was 22 ± 1 °C. Relative humidity (RH) was con-
trolled by injection of humid air. The humid air was produced by an air stream that
passed through a tank of hot water. By changing the temperature of the hot water
and the flow rate of the air stream, RH in the chamber was maintained at about
50%. A digital USB microscope (5 MP, Koolertron, China) was used to capture the
condensation process.

4.1.3.4 Water Collection Measurements

Water collected by a cone was measured as a function of time. A straight line was
fitted through the set of points and the slope of the lines is referred to as the water
collection rate (mg h−1). This parameter was used throughout the study to estimate
the water collection ability of different surfaces. A minimum of five droplets were
allowed to fall before a straight line was fitted and its slope was calculated. The
parameter is believed to be a more accurate representation of the water collection
rate, as compared to the other studies which calculated the rate from the beginning
of the measurements. The slopes were calculated for a minimum of three different
trials. The average and the standard deviation, calculated from a minimum of fifteen
data points, were reported (Gurera and Bhushan 2019a, b, 2020).

There are two other parameters by which the water collection data can be
characterized. First is the frequency of the droplets falling (droplets h−1), which is
the sum of the inverse of the wait-time for every droplet except the first droplet.
This parameter gives an idea of how fast the surface is collecting water. The second
parameter is average mass of the collected droplet (mg). It is the average of every
droplet dropped in the beaker. This could be measured since mass of every droplet
was measured individually. Ideally, high frequency and high average droplet mass
are desired.

4.2 Results and Discussion—Fog Water Collection Studies

Water collection data from fog for flat, cylindrical, and conical surfaces are pre-
sented in this section (Gurera and Bhushan 2019a, b). First, water collection data by
flat surfaces of various wettability and beetle-inspired surfaces at two inclination
angles and surface roughness (by changing size of nanoparticles) is presented. To
study the role of conical geometry, this is followed by a cylinder versus cone with
same surface area and two inclination angles. Next data on single droplet transport
experiments on two cones with different orientations are presented, followed by
water collection data from fog on cones with various geometries and wettability at
two inclination angles, and conical arrays. Finally, design guidelines for water
collection tower are presented.
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4.2.1 Flat Surfaces with Various Wettability
and Beetle-Inspired Surfaces at 45° and 0° Inclination
Angles

To study the effect of various wettability and heterogeneity on flat surfaces, water
collection rate per unit area was measured at a 45° inclination angle. The data are
shown in Fig. 4.9a. Superhydrophobic and beetle-inspired surfaces were prepared
using 10 µm and 7 nm particles. The size of the particles affects the surface

Fig. 4.9 a Water collection rates per unit surface area for flat surfaces with various wettability and
beetle-inspired surfaces, at 45° inclination. The wettability includes superhydrophobic, hydropho-
bic, hydrophilic (uncoated), and superhydrophilic surfaces, and a beetle-inspired surface (which
includes 0.5 mm diameter circular superhydrophilic spots surrounded by a superhydrophobic
surface). The superhydrophobic and beetle-inspired surfaces were created using two different sizes
of NP—10 µm and 7 nm. b Optical images showing differences in droplet formation on various
surfaces after about 1 h (adapted from Gurera and Bhushan 2019a)
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morphology and droplet interaction. Figure 4.9b shows differences in size and
shape of droplets on various surfaces after 1 h (Gurera and Bhushan 2019a).

The data shows that the water collection rate increases with higher repellency
(higher CA) on the flat surface. This is attributed to the fact that the higher the
repellency, the more spherical the droplet shape will be, which results in a lower
contact area between the droplet and the surface. Therefore, less heat will be
transferred to the droplet and less evaporation will be observed. As shown in the
optical images, large spherical droplets are formed on the superhydrophobic surface
which roll down. In the case of hydrophilic and superhydrophilic surfaces, the
droplets spread across the surface leading to higher evaporation (Gurera and
Bhushan 2019a).

A beetle-inspired surface was found to collect more water than flat surfaces with
various homogeneous wettability. In beetle-inspired surface, because of the
heterogeneity, droplets can slide/roll at a faster rate, and maintain a spherical
droplet shape. The faster rate also leads to less evaporation (Gurera and Bhushan
2019a).

Next, the effect of smaller particles was investigated. A coating with smaller
particles results in a surface with lower pitch of asperities as compared to the larger
particles, which affects the number of nucleation sites. A coating with smaller
particles is believed to increase the water collection rate because of more nucleation
sites leading to a larger number of smaller droplets coalescing faster. There was an
increase in the water collection on the beetle-inspired surface with 7 nm particles.
However, the superhydrophobic surface with 7 nm particles resulted in no water
collection. This is because of the fact that smaller particles nucleate smaller dro-
plets, as shown in the optical images, which could lead to losing droplets to the
wind (Gurera and Bhushan 2019a).

Gurera and Bhushan (2019a) also performed experiments on various surfaces at
0° inclination angle. The data is summarized at two inclination angles in Table 4.1.
Water collection rates were lower at 0° inclination angle because of the differences
in fog interception. At 0° inclination angle, fog forms a whirl and some droplets get
lost to the wind. Whereas at 45° inclination angle, fog intercepts and slides tan-
gentially leading to deposition of larger number of droplets. In the case of the
superhydrophobic surface using 7 nm particles, at 0° inclination angle, water col-
lection rate was large, similar to that for a surface using 10 µm particles. It was
because the droplets were not lost to the wind at 0° inclination, instead they fell in
the beaker (Gurera and Bhushan 2019a).

To summarize, it was found that an increase in water repellency on flat surfaces
resulted in higher water collection rates. Water collection rates at 45° inclination
angle (with respect to the vertical axis) was larger than at 0° inclination angle.
Surfaces with heterogeneous wettability had higher water collection rate than sur-
faces with homogeneous wettability.
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4.2.2 Cylinder Versus Cone at 0° Inclination Angle

To study the role of conical geometry, water collection rates on a cylinder and a
cone were measured. Figure 4.10a shows the water collection data for single
cylindrical and conical surfaces, with same surface area and length, at 0° inclination
angle (Gurera and Bhushan 2019a). The 0° angle was chosen to minimize the effect
of gravity on the movement of the droplets along the length. The left half of the bar
chart shows water collection for the complete object. However, in nature, the
collected water that matters is that which reaches the base, therefore, the right half
of the bar chart presents the water collection rate per unit area at base half-length.
The complete water collection rate per unit area by cylinder and cone was found to
be comparable. However, it was negligible at the base half-length for cylinder.
Figure 4.10b shows comparison of mass and frequency of droplet from a cylinder
and a cone in complete collection. Cones collect heavier droplets with a lower
frequency.

Figure 4.10c shows optical images of droplets growing and moving on a
cylinder and a cone at three time steps (Gurera and Bhushan 2019a). On the
cylinder, water droplets nucleate at the tip, grow, attain a critical size, then fall.
Droplets mostly nucleate at the tip because they intercept the fog flow perpendic-
ularly. On the rest of the curved surface, little to no droplets were observed since the
surface is parallel to the fog flow. The smaller droplets became visible much later;
at about the 4 h mark. Since the droplets are small and sit on the surface for a long
time, a significant amount of their volume is lost to evaporation. Therefore, the
droplets nucleating at the cylinder’s tip are mostly responsible for the water col-
lection rate per unit surface area (Gurera and Bhushan 2019a).

The droplets growing at the cylinder’s tip do not move along the length, since
there is no force acting in that direction. However, this is not the case in cones.

Table 4.1 Summary of water collection rates by flat surfaces with various wettability and beetle-
inspired surfaces at two inclination angles, and some fabricated with two nanoparticle (NP) sizes
(adapted from Gurera and Bhushan 2019a)

Wettability Water collection rate (mg mm−2 h−1)

Inclination angle

45° 0°

10 µm
NP

7 nm NP 10 µm
NP

7 nm NP

Homogeneous Superhydrophobic 0.7 ± 0.1 Negligible 0.5 ± 0.1 0.5 ± 0.1

Hydrophobic 0.5 ± 0.1 – 0.4 ± 0.1 –

Hydrophilic
(Uncoated)

0.4 ± 0.1 – 0.3 ± 0.1 –

Superhydrophilic 0.4 ± 0.1 – 0.3 ± 0.1 –

Beetle-inspired 0.5 mm spot
diameter

0.8 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 0.8 ± 0.1
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Droplets nucleate at the tip, grow and move along its length. For a droplet resting
on a conical surface, the changing radius results in a pressure difference inside the
droplet (Appendix 3.A). Laplace pressure gradient causes droplets to move on a
cone from regions of low radius to regions of higher radius.

Irrespective of the motion of the droplet, both a cylinder and a cone have similar
water collection rate per unit area. As mentioned earlier, in nature, the water col-
lection that matters is at the base. A cylinder does not achieve any water collection
at the base, whereas a cone achieves the same water collection at the base that was
observed in complete collection. As a result, cones have an advantage over
cylinders in water collection at the base.

Fig. 4.10 a Water collection rates for a cylinder and a cone at 0° inclination. The left half of the
bar chart shows the data when water was collected under the entire surface (complete collection).
The right half shows the data when the water was collected under the half-length near the base (as
in nature), b mass and frequency of falling droplets from a cylinder and a cone in complete
collection, and c the optical images showing movement of the water droplets on a cylinder and a
cone in complete collection (adapted from Gurera and Bhushan 2019a)
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To illustrate that Laplace pressure gradient defies gravity, Fig. 4.11 shows video
stills of droplets on a cone with 10° tip angle pointed downward and a cylinder. It
can be seen that droplets grew larger but did not move on a cylinder. However,
droplets grew, coalesced and climbed upward on a cone, defying gravity.

4.2.3 Cones at 45° Inclination Angle and Comparison
with Flat Surfaces

To study the effect of inclination angle, water collection rates on a cone at 45°
inclination angle were measured at the base. Data are shown in Fig. 4.12 (Gurera
and Bhushan 2019a). The water collection rate at 45° inclination is about an order
of magnitude higher that at 0° inclination (Fig. 4.10). At 45° inclination angle, the
entire surfaces intercept the fog flow, not just its tip. Droplets nucleate, grow, slide
along the length, and drop at the base. Droplets fall at the base because there is
gravity (g sinh), in addition to Laplace pressure gradient, aiding the movement of
the droplets towards the base. It was reported by Gurera and Bhushan (2019a) that
at 45° inclination angle, the frequency of the droplets falling was about 6–8 times
higher as compared to the 0° inclination. However, aid by gravity did not increase

Fig. 4.11 Video stills of water droplets on a cone with 10° tip angle, pointed downward, and a
cylinder, both inclined in the vertical direction. Water droplets grew larger but did not move on a
cylinder; however, droplets grew, coalesced and climbed upward on a cone due to Laplace
pressure gradient, defying gravity
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the mass of the droplets falling. To summarize, higher inclination increased the
water collection rate.

The cone data is also compared with the data for flat and beetle-inspired surfaces
in Fig. 4.12. Cones and beetle-inspired surfaces collect about twice as much water
as that for a hydrophilic flat surface. Water collection for cones and beetle-inspired
surfaces is comparable. Water is transported faster on cones and beetle-inspired
surfaces than on the flat surfaces which also reduces evaporation. Finally, in the
case of cones, a surface covered with cones (conical array) would increase the
surface area to increase collection by several fold, as much as factor of 10 or even
more.

4.2.4 Single Droplet Experiments on Cones

A droplet with a volume of 5 µL was deposited at the tip of a 10° tip angle cone.
The droplet moved some distance and then came to a stop. If a droplet sits for some
time, it will evaporate in a finite time as shown in Fig. 4.13 (Schriner and Bhushan
2019). The droplet with a volume of 5 µL completely evaporated after about
45 min. It is expected that the evaporation rate in real-world scenarios can be higher
at high ambient temperatures, low humidity and the presence of wind. As such, it is
critical to move droplets from the tip to the base as quickly as possible so that water
lost to evaporation is minimal.

To understand droplet transport mechanism in cones, single droplet experiments
were conducted on cones with two tip angles of 10° and 45° with sideline or

Fig. 4.12 Summary of water collection rates for flat hydrophilic and beetle-inspired surfaces and
a hydrophilic cone at 45° inclination (adapted from Gurera and Bhushan 2019a)
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centerline in the horizontal direction. Droplets were fed in increments of 5 µL
volume to a total volume of 40 µL.

On a cone with the sideline in the horizontal direction, only Laplace pressure
gradient due to curvature gradient drives the droplet. Whereas, on a cone with the
centerline in the horizontal direction, in addition to Laplace pressure gradient, the
gravitational forces due to inclination of the cone surface with respect to horizontal
axis, drive the droplet.

Figure 4.14a shows the relationship between droplet volume and distance
traveled by the droplet for cones of two tip angles, 10° and 45°, with sideline in
horizontal orientation (Gurera and Bhushan 2019b). Figure 4.14c shows the four
images, (top) during the moment of the first droplet deposition and just after
deposition, and (bottom) equilibrium stages of a 10 µL droplet and a 40 µL droplet,
for cones of 10° tip angle (Gurera and Bhushan 2019a).

Figure 4.14a shows that for any cone, a droplet will move towards the base if the
droplet volume is increased. On increasing the volume, a droplet instantaneously
moves a certain distance and then stops. The droplet moves due to the Laplace
pressure gradient resulting from the underlying curvature gradient. As the curvature
decreases, the Laplace pressure inside the droplet decreases. The droplet stops
because the force due to the Laplace pressure becomes less than the adhesion force
between the surface and the droplet. Figure 4.14a also shows that a droplet of
known volume travels farther on a cone of tip angle of 10°, as compared to on a
cone of tip angle of 45°.

The curvature gradient was calculated using the expression, (1/R1 – 1/R2), where
R1 and R2 are the two local radii of the cone at the front and rear contact lines of the
droplet siting on a cone, respectively. As the droplet moves, both R1 and R2 change.
For a cone with a tip angle of h, radius, R, at a given distance from the tip, d, is
given by d tan(h/2). The curvature gradient was plotted as a function of distance
from the tip of the cone to the center of the droplet, along the cone axis. Two
droplets with lengths of 0.5 and 2 mm measured along sideline of cones, were
selected because they are typical large droplet lengths observed in the water col-
lection measurements. Figure 4.15 shows calculated curvature gradient as a func-
tion of distance for two cones with tip angles of 10° and 45°. An increase in the

Fig. 4.13 Images showing the effect of evaporation of a 5 µL droplet placed on the tip of a 10° tip
angle cone. The droplet completely evaporated after about 45 min (adapted from Schriner and
Bhushan 2019)
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droplet length increases the curvature gradient because of the larger change in the
radii. The curvature gradient decreases with the distance from the tip. The curvature
gradient of a cone with a smaller tip angle is larger and remains so for a longer
distance. Therefore, the droplet on a cone with smaller tip angle travels farther.
Since curvature gradient decreases with distance, the droplet stops after some
distance.

Fig. 4.14 Droplet volume as a function of the distance travelled for cones with 10° and 45° tip
angles, when a a cone placed with the sideline in horizontal orientation, as shown in the insert, to
study the effect of Laplace pressure gradient and to remove the gravitational force in driving the
droplet, and b a cone placed with the centerline in the horizontal orientation, as shown in the insert,
to add gravitational effects in driving the droplet. c The four images shown are (top) during the
moment of the first droplet deposition and just after deposition, and (bottom) equilibrium stages of
10 and 40 µL droplets on a 10° tip angle cone with sideline in horizontal orientation, and d the two
images shown at equilibrium stages of 10 and a 40 µL droplets on a 10° tip angle cone with
centerline in horizontal orientation (adapted from Gurera and Bhushan 2019b)
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Figure 4.14b shows the relationship between droplet volume and distance
traveled by the droplet for cones of two tip angles, 10° and 45°, with centerline in
horizontal orientation. Figure 4.14d shows the two images at equilibrium stages of
a 10 µL droplet and a 40 µL droplet, for cones of 10° tip angle (Gurera and
Bhushan 2019b). Droplets on both cones traveled farther, compared to that of cones
with sideline in the horizontal direction. A droplet of 40 µL on 45° tip angle cone
traveled the entire cone length and reached its base.

At centerline in the horizontal orientation, a component of gravity along the side
of the cone also drives the droplets. The gravitational force acting on the droplets is
given by (Vq)g sin(h/2), where V is volume of the droplet, q is mass density of
water and g is the gravitational constant (9.8 m s−2). It increases the distance
traveled by the droplets along the cone. The effect is more pronounced for larger
volume droplets and larger tip angles.

Schriner and Bhushan (2019) also conducted single droplet experiments in the
presence of fog. Fog continuously deposits droplets on the entire cone. These
droplets coalesce with each other and the increased volume of the droplet increases
the distance traveled. It is the continuous deposition of fog droplets which maintains
the droplet motion. Otherwise, in the absence of fog deposition, any deposited
droplets only travel a certain distance during which Laplace force is high enough to
overcome adhesion to the surface.

To summarize, in a single droplet test for a cone with sideline in horizontal
orientation, lower tip angle transports a water droplet farther along the cone. This is
because, for a lower tip angle, curvature gradient is larger. For a cone in centerline
horizontal orientation, gravity increases the distance traveled by droplets. Water
droplets travel farther along the cone as compared to that with sideline in the
horizontal orientation. To further sum up, for efficient water transport, it is
important to maximize the effects of Laplace pressure gradient, gravity and droplet
coalescence.

Fig. 4.15 Calculated
curvature gradient as a
function of distance from the
tip of two cones with tip
angles of 10° and 45° for two
droplets with lengths of 0.5
and 2 mm
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4.2.5 Cones—Effect of Geometry, Inclination, Grooves
and Heterogeneous Wettability

Two sets of cones were tested to evaluate the effect of tip angles—one with the
same surface area and another with the same length at two inclination angles. Cones
with grooves and heterogeneous wettability were also studied. Next, a conical array
was tested. Finally, nonlinear cones were tested.

4.2.5.1 Two Tip Angles with Same Surface Area

Figure 4.16 shows water collection rate for cones with two tip angles and with the
same surface areas at 0° inclination (Gurera and Bhushan 2019b). The left bar chart
shows the water collection rate (mg h−1). The right bar chart shows the average
droplet mass (mg) and frequency (droplet h−1) for the two cones. The cone with
higher tip angle had higher water collection rate. This is because cone length of the
larger tip angle cone is shorter and droplets take lesser time to reach to the base.
Although the mass of the falling droplets is similar, the cone with a larger tip angle
has a higher frequency of falling droplets.

Figure 4.17 shows a sequence of optical images of water droplets moving from
tip to base for both tip angles (Gurera and Bhushan 2019b). A sequence for the first
droplet is presented. It was reported that the first droplet takes a longer time to fall
as compared to the subsequent droplets. Optical images of water droplets just before
they completely detached from the cones are also shown. The size of the droplets
appears to be similar, independent of the tip angle. This is the reason that the mass

Fig. 4.16 Water collection rates, and mass and frequency of falling droplets for cones with the
same surface area and tip angles of 10° and 45°, at 0° inclination angle (adapted from Gurera and
Bhushan 2019b)
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Fig. 4.17 Optical images showing movement of water droplets from tip to base on the 10° and
45° tip angle cones and droplets just before and after they detach from the surface and fall. The
sizes of the falling droplets on the two cones appear to be similar. It was reported that the first
droplet takes a longer time to fall as compared to the subsequent droplets (adapted from Gurera
and Bhushan 2019b)

86 4 Bioinspired Flat and Conical Surfaces for Water Harvesting



of the fallen droplets was found to be similar. As the droplet starts from the tip and
reaches the end of the cone, it sits there and elongates. As the elongation reaches a
critical length, the droplet starts to break away as shown in the images.

4.2.5.2 Two Tip Angles with Same Length

Figure 4.18a shows water collection rates for cones with two tip angles of the same
length at 0° inclination (Gurera and Bhushan 2019b). The bar chart on the left side
shows the water collection rate data (mg h−1). The bar chart on the right shows
the average droplet mass (mg) and frequency (droplet h−1) from the two cones. The
cones of same length were found to have similar water collection rate. From the
single droplet experiment, Laplace pressure gradient was found to be more effective
in a smaller tip angle cone. However, due to the difference in surface areas, more
water droplets are formed on the surface of the 45° tip angle cone. This makes the
water collection rate for both the cones similar. Droplet mass and frequency were
reported to be similar for the two cones.

Figure 4.18b shows a sequence of optical images of first and second water
droplets moving from tip to base for the cone with 10° tip angle (Gurera and
Bhushan 2019b). The first droplet takes the longer time to fall as compared to the
subsequent droplets.

4.2.5.3 Inclination Angle

Figure 4.19a shows water collection rates for cones with two tip angles at two
inclination angles (Gurera and Bhushan 2019b). The cones of 10° and 45° tip
angles, having either the same surface area or same length were compared at two
inclination angles of 0° and 45°.

As it has been mentioned before, there are two forces driving droplets on the
conical surfaces due to Laplace pressure gradient and gravity. In the previous
section, it was established that in the absence of driving gravitational force, at 0°
inclination angle, the cone length dictates the water collection rate. The shorter the
cone, the higher the water collection rate, irrespective of the tip angle. This is
because the distance traveled by the droplets from the tip to the base is shorter in
shorter cones.

At a 45° inclination angle, gravity also drives droplets. In addition to role of
Laplace pressure gradient and gravity, distribution of droplets on the cone surface
also play a role. Figure 4.19b shows the differences in distribution of droplet on the
surface area of a 10° tip angle cone at two inclinations. At 0° inclination angle, as
indicated earlier, larger droplets were observed near the tip because of higher fog
interception. These droplets grow further and move towards the base which takes
time. At 45° inclination angle, water droplets were observed on the entire surface
area. More uniform distribution will increase the water collection rate. Therefore,
increasing the inclination angle increases the water collection rate, irrespective of
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the cone tip angle. The increase is more for cones with a larger surface area. At a
higher inclination angle, it is the number of droplets formed on the surface that
dictates the water collection rate, not the length.

Fig. 4.18 a Water collection rates, and mass and frequency of falling droplets for cones with the
same length and tip angles of 10° and 45°, at 0° inclination angle. b Optical images showing
movement of water droplets from tip to base on a cone with tip angle of 10°. The first droplet took
longer time to fall as compared to the subsequent droplets (adapted from Gurera and Bhushan
2019b)
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4.2.5.4 Velocity of Droplets

High droplet velocity is needed for water collection purposes to minimize water
loss to evaporation. For velocity measurements, the distance between the center of
the droplet from the tip of the cone was measured as a function of time. The center
of the droplet was located by taking the midpoint of the distance between the left
edge and the right edge of the droplet. Measurements were performed by using a
video camera to record a video that started when the second droplet was deposited
and ended when the second droplet reached the cone base or detached from the

Fig. 4.19 a Summary of water collection rates for cones of tip angles of 10° and 45°, with either
the same length or the same surface area, and at two inclination angles of 0° and 45° (adapted from
Gurera and Bhushan 2019b). b Optical images of water droplets for cones of 10° tip angle at two
inclination angles of 0° and 45° showing the differences in distribution of droplets at two
inclination angles
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cone. Screenshots were taken with timestamps to document droplet movement.
These screenshots were then analyzed by software included with the video camera
to accurately determine droplet distance on the cone at certain periods of time.
These time/distance datapoints were plotted and a second-order polynomial equa-
tion trendline was fitted to the data. The derivative of this time/distance equation
was then calculated to determine the velocity/time equation. The droplet velocity at
any length on the cone could be found by entering the time associated with a
distance measurement into the velocity equation (Schriner and Bhushan 2019).

Velocities of droplets as a function of distance moving on cones of 10° and 45°
tip angles, at 0° inclination are shown in Fig. 4.20 (Schriner and Bhushan 2019).
The initial velocity of the cone with 10° tip angle was higher than that of the cone
with a 45° tip angle because of larger Laplace pressure gradient. For the 10° tip
angle cone, the velocity decreases with distance because of the decreasing curvature
gradient responsible for the Laplace pressure gradient. However, for the 45° tip
angle cone, velocity does not decrease with distance because gravity plays a larger
role. This cone also benefits from larger surface area because of the additional water
droplets formed on its whole surface (Schriner and Bhushan 2019).

4.2.5.5 Grooves

To study the effect of grooves, a representative cone with a tip angle of 45° and a
length of about 15 mm was selected. Figure 4.21a shows the water collection rates
(mg h−1) of ungrooved and grooved cones at two inclination angles, 0° and 45°
(Gurera and Bhushan 2019b). At a 0° inclination angle, grooves help in increasing

Fig. 4.20 Velocity of droplets on cones with 10° and 45° tip angle, at 0° inclination angle as a
function of distance from the tip over the length of cones (adapted from Schriner and Bhushan
2019)
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Fig. 4.21 a Water collection
rates for ungrooved and
grooved cones with tip angle
of 45°, at 0° and 45°
inclination angles. b A water
droplet of volume of 5 µL
was placed on ungrooved and
grooved cones to demonstrate
the channeling in the grooved
cone (adapted from Gurera
and Bhushan 2019b)
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the water collection rate. This is because grooves help in channeling the water. It is
believed that they also create an increased Laplace pressure gradient via the gra-
dient in grooves spacing. However, at a 45° inclination angle, the improvement due
to grooves is not observed. That is probably because the gravitational force is
overpowering the advantage of grooves.

To study the differences in the channeling of a water droplet on the ungrooved
and grooved cones, a fixed volume of water droplet, 5 µL, was placed on the cones
at similar locations (Gurera and Bhushan 2019b). The optical images are shown in
Fig. 4.21b. The droplets between the grooves appears to be more channeled
towards the base. This elongation of the droplet is the reason for the increase in the
water collection rate in the grooved cone.

4.2.5.6 Heterogeneous Wettability

To study the effect of heterogeneous wettability, a cone with a tip angle of 45° and a
length of about 15 mm was selected. Figure 4.22 shows the effect of heterogeneity
on water collection rate (mg h−1) at two inclination angles of 0° and 45° (Gurera
and Bhushan 2019b). The water collection rates are compared with the cones with
heterogeneous wettability. At 0° inclination angle, the heterogeneity increases the
water collection rate. This is because the heterogeneity assists in transporting the
water quickly. However, at a 45° inclination angle, an improvement due to
heterogeneity is not observed. This is probably because the gravitational force
dominates the transport and not the heterogeneity.

For multistep wettability gradient studies, see Gurera and Bhushan (2020).

Fig. 4.22 Water collection
rates for cones with a tip angle
of 45° and homogeneous and
heterogeneous wettability,
and at 0° and 45° inclination
angles (adapted from Gurera
and Bhushan 2019b)
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4.2.5.7 Conical Array

An array with cones with a tip angle of 45° and a length of about 15 mm were
selected to evaluate effects of arrays at two inclination angles of 0° and 45°.
Figure 4.23a shows a water collection rate (mg h−1) for an array (Gurera and

Fig. 4.23 a Water collection
rate of a single cone and an
array at 0° and 45° inclination
angles. The array data is
presented as water collection
rate per cone. b Optical
images of falling droplets on
array at 0° inclination angle
showing coalescence (adapted
from Gurera and Bhushan
2019b)
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Bhushan 2019b). The array data is presented as water collection rate per number of
cones. The data are compared with a single cone with a tip angle of 45°. At a 0°
inclination angle, having an array increased the water collection rate per number of
cones. It is believed that this increase is due to a cascading effect on a falling
droplet. This is because a droplet falling from the top cone collects the droplets
stuck to the cone underneath increasing the net water collection rate per cone, as
shown in Fig. 4.23b (Gurera and Bhushan 2019b). At a 45° inclination angle, the
data for a single cone and the array per cone is comparable. Water collection rates at
45° inclination angle is larger than at 0° inclination angles. As suggested earlier,
this occurs because the gravitational forces dominate the water transport at a higher
inclination.

4.2.5.8 Summary

For water collection on conical surfaces from fog, water droplets are driven by the
Laplace pressure gradient and gravity. During travel, droplets coalesce and travel
farther because of larger mass. The Laplace pressure gradient dominates at 0°
inclination angle, which results in higher water collection rate for shorter length.
Gravity dominates the water collection rate at 45° inclination angle, which results in
higher water collection rate for larger surface area. The water collection rate
remains independent of the tip angle for same length but larger at larger tip angle
for same surface area, irrespective of the inclination angle. The water collection rate
always increases with an increase in inclination angle, regardless of the cone,
because of gravity effects. Grooves and heterogeneous wettability also increase the
water collection rate. In arrays, water collection per cone is higher at 0° inclination
angle than a single cone. However, it is similar at 45° inclination (Gurera and
Bhushan 2019b).

4.2.6 Nonlinear Cones

Nonlinear profile of a cone can be used to increase the curvature gradient near the
tip and higher slope near the base, in order to maximize water collection for a cone
with a given length and base area. Gurera and Bhushan (2019c) used a cone with a
length of 15 mm and base diameter of 13 mm with a concave profile with low tip
angle of 10° to increase the Laplace pressure gradient near the tip and nonlinearly to
increase the radius to have higher gravitational forces in the higher slope region.

The curvature gradient was calculated using the expression, (1/R1 − 1/R2),
where R1 and R2 are the two local radii of the cone at the front and rear contact lines
of the droplet sitting on a cone, respectively. As the droplet moves, both R1 and R2

change.
Figure 4.24a shows variation of curvature gradients as a function of distance

from the tip, on linear cones of tip angle, 10° and 45°, and the nonlinear cone, for a
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Fig. 4.24 a Effect of the nonlinearity on the calculated curvature gradient as a function of distance
from the tip of linear and nonlinear cones, using a droplet length of 0.5 mm. The top graph shows
the curvature gradient variation near the tip and the bottom graph shows the variation near the base
with magnified vertical axis. On the linear cones, the curvature gradient is higher with shorter tip
angle. The curvature gradient of the nonlinear cones starts out overlapping with the 10° tip angle
linear cone, because of the same tip angle (top graph). Later, the curvature gradient remains
between 10° and 45° tip angle cones and converges towards the 45° tip angle cone (bottom graph).
b Overlapped cones’ profile for the linear and the nonlinear cones (adapted from Gurera and
Bhushan 2019c)
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droplet length of 0.5 mm. The top graph shows the curvature gradient variation near
the tip and the bottom graph shows the variation near the base with magnified
vertical axis. Figure 4.24b shows overlapped profiles of the three cones for refer-
ence. The following observations can be made. The curvature gradient decreases
with length because of the decreasing curvature of the cones. As reported earlier,
the curvature gradient of the 10° tip angle cone is higher than the 45° tip angle cone
because of its radius increasing at a slower rate. Curvature gradient of the nonlinear
cone was similar to the linear, 10° tip angle cone for the initial cone length. For the
latter part of the cone, the curvature gradient of the nonlinear cone becomes
between the linear, 10° and 45° tip angle cones and converges towards the linear,
45° tip angle cone with the same base diameter. It is expected that because of the
increasing slope of the cone, the gradient should be converging towards the higher
tip angle cone.

Both single droplet and water collection from fog experiments were performed.
Figure 4.25 shows the relationship between droplet volume and distance traveled
by the droplet for the linear and the nonlinear cones. The nonlinear cone transports
the liquid father than the linear cones. This is because of the high Laplace pressure
gradient in the beginning and increasing gravitational effect because of higher slope
later.

Figure 4.26 shows the water collection data for linear and nonlinear cones.
Figure 4.26a shows the water collection rate (mg h−1) and Fig. 4.26b shows
average droplet mass (mg) and frequency (droplet h−1) for the cones. The water
collection rate for the linear cones were similar (Gurera and Bhushan 2019b),
however, the water collection rate of the nonlinear cone was found to be higher.

Fig. 4.25 Effect of tip angle
and the nonlinearity on the
droplet movement along the
cones in single droplet
experiments. The cones were
placed with the centerline in
the horizontal direction, as
shown in the schematic. The
nonlinear cone transports the
water droplets farthest, among
the three cones. This is
because of the high Laplace
pressure gradient in the
beginning and increasing
gravitational forces later
(adapted from Gurera and
Bhushan 2019c)
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It is believed that because of high Laplace pressure gradient in the beginning and
increasing gravitational effects later, the droplets were transported faster, which was
observed in the higher frequency of the falling droplets. The mass of the falling
droplets remained similar.

Figure 4.27 shows a sequence of optical images of water droplets traveling from
tip to base for the linear and the nonlinear cones. Only the second droplet has been
shown in the figure, to present a representative time taken by each cone to form a
droplet big enough to fall. The linear cones take similar time and have similar
hanging droplet size. The nonlinear cone takes lesser time and has similar size of
the hanging droplet. These observations are in agreement with the droplet mass and
frequency measurements, discussed earlier.

To sum up, a nonlinear cone provides higher water collection from fog than that
for a linear cone with 10° tip angle and another cone with the base diameter of
13 mm. The nonlinear cone was designed with small tip angle of 10° to increase the
Laplace pressure gradient near the tip due to higher curvature gradient and non-
linearly increasing radius to have higher gravitational effects from the higher slopes.
Therefore, for a high water collection rate, a smaller tip angle and broader base
diameter with higher surface slope is desired.

4.2.7 Projection for Water Collection Rates

In fog deposition at 0° inclination angle (samples place horizontally), water droplets
will get deposited on flat surfaces with any wettability, but will not be collected in

Fig. 4.26 Effect of nonlinearity on water collection for the linear and the nonlinear cones. a Water
collection rates (mg h−1), and b droplet mass (mg) and the frequency (droplets h−1). The water
collection rate and frequency of the nonlinear cone was found to be highest, because of high
Laplace pressure gradient in the beginning and increasing gravitational forces later. Droplet mass
remained similar regardless of the cone (adapted from Gurera and Bhushan 2019c)
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the reservoir. In the case of hydrophilic cones, water collection occurs in the
reservoir (near their bases), and the data is shown in Figs. 4.10 and 4.19. It is also
expected, in the case of beetle-inspired surfaces, some water collection would
occur.

At 45° inclination angle, based on Figs. 4.10, 4.12, and 4.19, water collection
rates for a hydrophilic cone at 45° inclination angle is more than factor of 10 larger

Fig. 4.27 Optical images showing water droplets traveling from tip to base for the linear and the
nonlinear cones. Only the second droplet has been shown, to present a representative time taken by
each cone to form a droplet big enough to fall. The linear cones take similar time and have similar
hanging droplet size. The nonlinear cone takes lesser time and have similar size of the hanging
droplet (adapted from Gurera and Bhushan 2019c)

98 4 Bioinspired Flat and Conical Surfaces for Water Harvesting



than at 0° inclination angle. Water collection rate is larger than that at 0° inclination
angle because of the effect of gravity.

At 45° inclination angle, based on Fig. 4.9, for beetle-inspired surfaces and
hydrophilic cones, water collection rates per unit surface area is about 1 mg
mm−2 h−1, which is about twice as much water as that for a hydrophilic flat surface.
Based on Figs. 4.21, 4.22 and 4.23, cones with grooves and heterogeneous wet-
tability and conical arrays provide slightly larger water collection. Furthermore,
collected water is transported at a faster rate on a beetle-inspired and cone surfaces
than that on a flat surface which reduces the evaporation of water droplets before
reaching storage/use location. It was reported earlier, based on Fig. 4.13, that water
droplet can evaporate in about 45 min. Finally, based on Fig. 4.19, at 45° incli-
nation angle, water collection rates are larger for larger surface area for both cone
angles. For the data shown, an increase of 3–6 times can be achieved. Therefore,
cones of larger surface area for the same base area should be used.

Based on these observations, for a conical array with grooves and heterogeneity,
water collection rates per unit base area as compared to that of flat hydrophilic
surface can be increased by about a factor of 10 or more. In addition, water is
transported faster which reduces evaporation. A summary of projected collection
rates is presented in Table 4.2 (Bhushan 2020).

For completeness, we compare typical water collection rates from fog in the
desert with that obtained in the lab. Typical water collection rate in the desert, based
on Figs. 2.7 and 2.8 is on the order of 2 L m−2 day−1 (or 2 mg mm−2 day−1).
Hourly collection rate is about 1 mg mm−2 h−1. In the lab, based on Fig. 4.12,
water collected on a flat hydrophilic surface is about 0.5 mg mm−2 h−1. Therefore,
for the experimental conditions used in the lab, water collection rate is about five
times that in the desert.

Table 4.2 Summary of projected water collection rates from fog (adapted from Bhushan 2020)

Surfaces Increase in projected water
collection rates

0° inclination angle (horizontal)

Flat surfaces with any wettability No collection in the reservoir

Beetle-inspired surfaces and hydrophilic cones Finite collection

45° inclination angle

Beetle-inspired surfaces and hydrophilic cones relative to
hydrophilic flat surface

2�

Increase in surface area of cones for the same base area >3�
Cones with grooves and/or heterogeneous wettability >1�
Conical array per cone relative to a single cone >1�
Total *10�

The water collection rates at 45° inclination angle are about an order of magnitude larger than that
at 0° inclination angle
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4.3 Results and Discussion—Water Condensation Studies

Water collection data from condensation on cones are presented in this section.
First, data on a cylinder and a cone are presented to demonstrate the benefit of
conical shape. Next, data on cones with two tip angles having either the same
surface area or the same length are presented. This is followed by data at two
inclination angles and array. Finally, trends observed in water collection from
condensation have been discussed with respect to the trends observed in water
collection from fog (Gurera and Bhushan 2020).

4.3.1 Cylinder Versus Cone

In nature, the collected water that matters is which reaches the base. Conical shapes
help to transport water droplets towards the base by developing a Laplace pressure
gradient in droplets. To demonstrate the role of Laplace pressure gradient, water
collection data for cylinder and cone were compared. A representative cylinder and
cone were chosen with 35 mm length and 330 mm2 surface area, and 10° cone tip
angle. To minimize any gravitational effects, cylinder and cone were inclined at 0°.

Figure 4.28 shows water collection versus time for the cone and cylinder
(Gurera and Bhushan 2020). Since the water that matters is which collects near the
base, the water was collected from half-length at base. As mentioned earlier, the
slope of the fitted straight line is referred to as the water collection rate (mg h−1).
Figure 4.29a presents comparison of water collection rate of cylinder and cone, for
complete collection versus half-length collection at base (Gurera and Bhushan
2020). The left bar chart presents the water collection rate (mg h−1). The right bar
chart presents average droplet mass (mg) and frequency (droplet h−1) for the sur-
faces (Gurera and Bhushan 2020). The left half of each bar chart represents water

Fig. 4.28 A representative
water collection (mg) versus
time (h) plot for hydrophilic
cone and cylinder surface
with 35 mm length and
330 mm2 surface area, at 45°
inclination angle. The cone
had tip angle with 10°. The
slope of the curve determines
their water collection rate
(mg h−1) (adapted from
Gurera and Bhushan 2020)
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collection rate for complete collection and the right half represents water collection
rate for half-length collection at base. Figure 4.29b presents droplets movement on
cylinder (left) and cone (right) (Gurera and Bhushan 2020). The final time stamp
represents time taken by the first droplet to fall.

When comparing cylinder and cone for complete collection, both result in
similar water collection rates, Fig. 4.29a. This is because same surface area results
in similar number of water droplet nucleation sites. Droplet mass and frequency of
the falling droplets were also similar. Droplet mass is believed to be a result of

Fig. 4.29 a Water collection rates and mass and frequency of falling droplets of cylinder and
cones. The left half of both bar charts shows the data when water collected under the entire surface,
that is complete collection. The right half of the bar charts shows the data when water was
collected under the half-length near base, as in nature. b The optical images showing movement of
water droplets on a cylinder and a cone (adapted from Gurera and Bhushan 2020)

4.3 Results and Discussion—Water Condensation Studies 101



various factors including shape, size and wettability of the surface. Frequency is
believed to be a result of the rate at which vapors were condensed on the surface.
Product of these two result to be the water collection rate. Therefore, similar droplet
mass and similar frequency of falling droplets result in similar water collection rate.

When looking at cylinder there is a difference in complete collection versus
half-length collection at base, Fig. 4.29a. This is because there were multiple
droplets on the cylinder’s surface at various locations and typically only one droplet
falls into the beaker at the half-length location, as shown in optical images showing
movement of droplets in Fig. 4.29b. Typically, three droplets fall when looking at
complete collection. That results in lowering of the water collection rate of cylinder
for half-length collection at base. There is an absence of any droplet transporting
forces such as Laplace pressure gradient.

When looking at cone, there is no difference between complete collection versus
half-length collection at base, Fig. 4.29a. This is because droplets travel from tip to
base due to Laplace pressure gradient, Fig. 4.29b. Therefore, conical shapes are
advantageous, are typically found in nature for water transport, and should be used
for water collection purposes.

4.3.2 Two Tip Angles with Same Surface Area

Figure 4.30 shows the effect of tip angle on cones of same surface area (Gurera and
Bhushan 2020). The left bar chart presents the water collection rate (mg h−1). The
right bar chart presents average droplet mass (mg) and frequency (droplet h−1) for
the two cones. Irrespective of the tip angle, same surface area results in similar
water collection rate. This is because same surface area results in similar number of
water droplet nucleation sites. Droplet mass and frequency of the falling droplets
were also found to be similar.

Fig. 4.30 Water collection rates and mass and frequency of falling droplets of cones with the
same surface area and different tip angles, 10° and 45°, compared at 0° inclination angle. The
water collection rates of either of the cones were found to be similar, and so were mass and
frequency of the falling droplets (adapted from Gurera and Bhushan 2020)
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Figure 4.31 shows a sequence of optical images of water droplets traveling from
tip to base for both of the tip angles (Gurera and Bhushan 2020). A sequence for the
first and the second droplet is presented. The first droplet takes the longest time to

Fig. 4.31 Optical images showing water droplets traveling from tip to base on cones of two tip
angles, 10° and 45°, and surface area of 330 mm2. The time taken for second and following
droplets was similar in both cases (adapted from Gurera and Bhushan 2020)
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fall as compared to the subsequent droplets. And as mentioned before, therefore, the
time taken for the first droplet to fall have been ignored from all the data and
calculations shown in this study. It is clear from the time steps of the second droplet
that the time taken for it to fall is similar on either of the cones. And similar applies
to subsequent droplets.

4.3.3 Two Tip Angles with Same Length

Figure 4.32a shows the effect of tip angle on cones of the same length (Gurera and
Bhushan 2020). On the left is the water collection rate (mg h−1). On the right is the
average droplet mass (mg) and frequency (droplet h−1) for the two cones.
Irrespective of the tip angle and cone length, larger surface area provides higher
water collection rates. This is because condensation droplets were formed across the
entire cone, and not deposited from a flow, as discussed previously. Therefore,
higher the surface area, higher is the water collection rate from condensation is
expected. Droplet mass was still found to be similar. However, a difference in
frequency of falling droplets is clearly observed, because it is believed to be a result
of the rate at which vapors were condensed on the surface. Therefore, higher is the
surface area, higher will be the frequency of falling droplets.

Figure 4.32b shows a sequence of optical images of water droplets moving from
tip to base for the cone of 10° tip angle (Gurera and Bhushan 2020). A sequence for
the first and the second droplet is presented. As mentioned before, here as well, the
time taken by the first droplet to fall was longer and hence has been ignored from
this study. For the second droplet, it is clear from the time steps that the time taken
by it to fall is longer than the droplet on the 45° tip angle cone of same length, as
shown in Fig. 4.31. And similar can be applied on the subsequent droplets.

4.3.4 Inclination Angle

Figure 4.33 shows the water collection rate of the cones of two tip angles at two
inclination angles (Gurera and Bhushan 2020). The cones of 10° and 45° tip angles,
having either the same surface area or the same length have been compared at two
inclination angles of 0° and 45°.

In the previous section, it was established that at 0° inclination angle, the surface
area of cone dictates the water collection rates. Cone length did not have a sig-
nificant effect. Higher is the surface area, higher is the water collection rates,
irrespective of the tip angle or cone length. This is because the droplets are formed
across the entire surface by water vapor condensation. At 45° inclination angle as
well, the surface area dominates the water collection rate, because the droplet
formation is still independent of the inclination angle.
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Fig. 4.32 a Water collection rates and mass and frequency of falling droplets of cones with the
same length and different tip angles, 10° and 45°, are compared at 0° inclination angle. The water
collection rates of 10° tip angle cone was found to be lower, because it has lower surface area.
Mass of the falling droplets was found to be similar, however, frequency of the falling droplets was
found to be lower for the 10° tip angle cone. b Optical images showing water droplets traveling
from tip to base on cone of 10° tip angle and surface area of 65 mm2. The time taken for the
second droplet and the following droplets for the 10° tip angle cone was longer (adapted from
Gurera and Bhushan 2020)
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4.3.5 Array

Representative cones with a tip angle of 45° and a length of about 15 mm were
chosen to evaluate the effect of array. Figure 4.34a shows the effect of an array on
the water collection rate (mg h−1) (Gurera and Bhushan 2020). The array data is
presented as the water collection rate per number of cones. Two inclination angles,
0° and 45° were chosen to characterize the effect. At 0° inclination angle, having an
array increases the water collection rate per number of cones. It is believed that this
increase was due to a cascading effect on a falling droplet, as shown in Fig. 4.34b.
In that a falling droplet from the top cone collects the droplets stuck to the
underneath cones increasing the net water collection rate per number of cones. At
45° inclination angle as well the trends remain similar, because of the indifference
in droplet formation at different inclinations. This suggests that the cascading does
provide an advantage, irrespective of the inclination (Gurera and Bhushan 2020).

4.3.6 Trends in Water Collection in Condensation
Versus Fog

In nature, condensation and fog often occur simultaneously, therefore, it is of
interest to compare mechanisms of water collection by both. A cone with 10° tip
angle, 35 mm length, and 330 mm2 surface area is selected to demonstrate the
differences. Differences can be studied by comparing the initial droplets formation
between the two. Figure 4.35 shows differences in droplet formation due to con-
densation and fog at 0.1 h, at 0° and 45° inclination (Gurera and Bhushan 2020).

Fig. 4.33 Water collection rates of cones of two tip angles, 10° and 45°, with either the same
lengths or the same surface areas, are compared at two inclination angles: 0° and 45° (adapted
from Gurera and Bhushan 2020)
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Fig. 4.34 a The water
collection rate of a single cone
and an array at 0° and 45°
inclination angles. The array
data is presented as the water
collection rate per cone. Array
increases the water collection
rate per cone. b Optical
images of falling droplets on
array at 0° inclination angle
showing coalescence. The
array increases the water
collection rate because a
falling water droplet will
collect the water droplets
stuck on the cones underneath
(adapted from Gurera and
Bhushan 2020)
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In condensation, it was reported earlier that at 0° inclination, the water collection
rate is dictated by the cone surface area. Higher is the surface area, higher is the
water collection rate. In fog, it has been reported that the water collection rate is
dictated by cone length (Gurera and Bhushan 2019b; Bhushan 2019a). Shorter is
the length, higher is the water collection rate. The difference arises due to the
differences in droplet formation, as shown in Fig. 4.35a. In condensation, droplets
were observed across the entire surface, because water vapors condense on the
entire surface area. The number of droplets increase with increase in surface area.
However, in fog, larger droplets were observed near the tip because of higher fog
interception. These droplets grow further and move towards the base. It takes longer
for droplets to move on a loner cone. Thus, in condensation, surface area plays the

Fig. 4.35 Differences in droplet formation from condensation and fog on a cone with 10° tip
angle at a 0° inclination angle, and b 45° inclination angle (adapted from Gurera and Bhushan
2020)
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role and cone length does not, and in fog, cone length plays the role and surface
area does not.

In condensation, it was also reported earlier that at 45° inclination, water col-
lection rate is dictated by the cone surface area. Same trends have been reported in
fog (Gurera and Bhushan 2019b; Bhushan 2019a). In both, higher is the surface
area, higher is the water collection rate. This is because the droplets were formed on
the entire surface in the both cases, Fig. 4.35b.

Finally, the water collection rates for condensation and fog cannot be compared
because data was taken using different set of equipment and conditions. The dif-
ferences may result in different set of results. However, for the chosen conditions,
water collection rate by either of the condensation or fog is between 30 and
300 mg h−1. Rates are more comparable at 0° inclination as compared to 45°
inclination. The water collection rates are summarized in Table 4.3 (Gurera and
Bhushan 2020).

4.4 Design Guidelines for Water Harvesting Systems

Condensation and fog often exists simultaneously in deserts. Fog mostly exists in
the nights, and condensation is found during early morning hours. Therefore, to
design water harvesting systems both should be taken into account.

In cones, both the Laplace pressure gradient and gravity are the important factors
in driving water droplets towards the base. The Laplace pressure gradient dominates
at 0° inclination angle (with samples placed horizontally), and shorter cone length
will provide higher water collection rate at the base. The gravity dominates at 45°
inclination angle, and higher surface area will provide higher water collection rate at
the base. Higher inclination angle provides a higher water collection rate, as
compared to a lower inclination angle because of the contributions by gravity.

Table 4.3 Summary of water collection rates by condensation and fog for various cones, at two
inclination angles

Water source Inclination
angle

Water collection rate (mg h−1)

10° tip angle;
35 mm length;
330 mm2 surface
area

45° tip angle;
15 mm length;
330 mm2 surface
area

10° tip angle;
15 mm length;
65 mm2 surface
area

Condensationa 0° 100 100 50

45° 100 100 50

Fogb 0° 30 100 100

45° 300 300 130
aGurera and Bhushan (2020)
bGurera and Bhushan (2019b)
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Therefore, for a high water collection rate, a higher surface area, inclined at higher
inclination angle is desired. One can increase the surface area which would increase
water collection by several fold, an order of magnitude or more. The surface area
can be maximized by having a larger number of cones per unit base area and longer
cones. The dimensions of the cones are limited by their structural integrity.
Grooves, heterogeneous wettability and nonlinear shapes can also increase water
collection rates.

It was found that, from fog, both beetle-inspired and conical surfaces provide
about twice the water collection rates per unit surface area than that of homoge-
neous wettable, flat surfaces. For conical arrays with grooves and heterogeneous
wettability, the water collection rates per unit base area can be increased by about a
factor of 10. In addition, water is transported faster which reduces evaporation.

Fig. 4.36 Schematics of
bioinspired water harvesting
designs with a heterogeneous
wettability, and b conical
array, grooves, and
heterogeneous wettability
(adapted from Bhushan,
2018)
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Design of bioinspired water collectors is shown schematically in Fig. 4.36
(Bhushan, 2018). In one design, surface consists of superhydrophilic spots over a
flat superhydrophobic surface. In another design, the surface consists of an array of
cones with heterogeneous wettability and grooves. The heterogeneity includes a
hydrophobic tip and a superhydrophilic base. The surfaces can be inclined at 45° to
the wind for high water collection.

For scaleup, nets or towers can be fabricated using the designs presented in
Fig. 4.36. Figure 4.37a and b show 2D water collector nets. Bioinspired water

Fig. 4.37 Schematics of
bioinspired water harvesting
2D nets with a heterogeneous
wettability, and b conical
array, grooves, and
heterogeneous wettability
(adapted from Bhushan,
2018)
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harvesting 3D tower designs for maximum water harvesting will be presented in
Chap. 6 (Bhushan, 2020).
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Chapter 5
Bioinspired Triangular Patterns
on Flat Surfaces for Water Harvesting

It has been mentioned in Chap. 3, that cactus spines and spider silk take advantage
of the conical geometry to drive water droplets by Laplace pressure gradient for
water transport and storage/use, before they are evaporated. Bioinspired surfaces
with conical geometry for water harvesting from fog and/or condensation of water
vapor have been inspired by the cactus spine and spider silk (Bhushan 2018, 2019).
In addition, triangular geometries on flat surfaces, inspired by cactus spines, have
been pioneered by Song and Bhushan (2019a, b, c, d) for water harvesting from fog
and/or condensation of water vapor.

In the case of a cone or triangular geometry, if a droplet is placed at its apex, the
droplet is driven across the triangular region by Laplace pressure gradient. The
triangular patterns with various geometry and wettability surrounded with a region
of less wettability to constrain condensed water droplets inside the patterns have
been studied. The wettability of the triangular pattern affects the water collection
process and the hydrophilic pattern has been shown to be desirable for water
transport compared to the superhydrophilic and hydrophobic patterns (Song and
Bhushan 2019a). Hydrophilic triangular patterns of various geometry have been
investigated for high water collection rates (Song and Bhushan 2019a, b, c, d).

An important consideration in efficient water collection is to transport water as
rapidly as possible. In addition to conical or triangular geometry, droplets can also
be driven on surfaces with wettability gradient (Brochard 1989; Chaudhury and
Whitesides 1992; Gurera and Bhushan 2019; Feng and Bhushan 2020). When a
droplet sits on a surface with heterogeneous wettability, wettability gradient pro-
vides an unbalanced force on both sides of the droplet as a driving force for
directional transport of the droplet. Multistep wettability gradient has been used on
triangular patterns to accelerate droplet transport (Feng and Bhushan 2020). The
effects of wettability gradient and triangular geometry on water condensation and
transport have been investigated.

One of the limitations of using triangular patterns is that the magnitude of the
Laplace pressure gradient decreases along the length of the pattern and the droplet
volume required for transport becomes larger. To overcome these limitations,
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Bhushan and Feng (2020) developed nested triangular patterns. Based on water
condensation studies on the nested triangular patterns, they reported that the nested
pattern increases the droplet speed.

In this chapter, an overview of systematic studies of water harvesting from
condensation of water vapor and/or fog, using a triangular geometry carried out by
Song and Bhushan (2019a, b, c, d), Feng and Bhushan (2020) and Bhushan and
Feng (2020), is presented.

5.1 Experimental Details

The triangular patterns of various geometry with hydrophilic surfaces have been
used. Surrounding regions with less wettability than the triangular patterns were
selected to constrain collected water in the pattern. For water condensation studies,
a low temperature of 5 °C was used to decrease saturated vapor pressure to promote
water condensation. For fog collection studies, a commercial humidifier was used to
generate a stream of fog.

5.1.1 Fabrication of Water Collection Surfaces

5.1.1.1 Single Triangular Patterns and Triangular Array

Two types of samples were fabricated. One type of sample contained a single
triangular pattern, which was used to investigate the movement of the droplets,
shown in Fig. 5.1a (Song and Bhushan 2019a, b). The single triangular pattern with
a 20 mm length, with region A being hydrophilic, was surrounded by a superhy-
drophobic rim (0.5 mm wide). The superhydrophobic rim was produced to serve as
a dam to the condensed liquid in the triangular pattern. If any droplets are trans-
ferred in the superhydrophobic dam region, they will slide to the outer less wettable
region and will be prevented from sliding back into the pattern. Three included
angles (a = 5°, 9° and 17°) were selected to investigate the effect of included angle
on the droplet condensation and transport process. A rectangular reservoir was
provided at the end of pattern in order to study the time required for droplet
transport to the reservoir. The other type of sample contained an array of triangular
patterns that were located on both sides of a rectangular reservoir, to increase the
amount of the collected water for better measurement accuracy, shown in Fig. 5.1b.
An array with an included angle of 9° and length of 10 mm, was used. To study the
effect of included angle, arrays with four included angles of 9°, 17°, 22° and 30°,
with a length of 10 mm were selected. To study the effect of length, arrays with four
lengths of 5, 10, 20 and 30 mm with an included angle of 9° were selected.

The triangular patterns were fabricated on a hydrophilic glass slide (Song and
Bhushan 2019a, b). To fabricate the patterned sample, the boundaries of pattern
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B were printed on a paper that was placed under the glass slide and a piece of
adhesive tape was put on top of the glass slide. Next, region B was cut onto the
adhesive tape, guided by the pattern on the paper underneath, so that region B was
exposed to air and region A was protected by the tape. Then, a superhydrophobic
coating was spray coated on the glass slide, followed by removal of the adhesive
tape that covered region A. The superhydrophobic coating consisted of 10 nm
hydrophobic SiO2 nanoparticles (Aerosil RX300) and a binder of methylphenyl
silicone resin (SR355S, Momentive Performance Materials), both of which were
pre-mixed in acetone before spraying (Bhushan 2018; Bhushan and Martin 2018).
Region B after coating became superhydrophobic and region A remained
hydrophilic.

To compare water collection on a triangular pattern with that of rectangular
pattern, glass slides with hydrophobic, triangular and rectangular patterns sur-
rounded by superhydrophobic surfaces were also produced (Song and Bhushan
2019a). To produce a hydrophobic pattern, a monolayer of perfluorodecyl-
trichlorosilane (FTDS) (448931, Sigma-Aldrich) was deposited on the glass surface
using a vapor deposition method (Bhushan 2018).

To study the effect of various wettabilities, three wettabilities were studied.
These included hydrophobic and hydrophilic patterns surrounded by superhy-
drophobic regions and superhydrophilic patterns surrounded by hydrophobic
regions. The fabrication process for the first two patterns has already been descri-
bed. To fabricate a superhydrophilic pattern surrounded by a hydrophobic region, a
hydrophobic glass slide was used. The surrounding region was masked by placing
tape on it to preserve the hydrophobic glass surface. Then to make the triangular
pattern superhydrophilic, it was exposed to ultraviolet-ozone (UVO) treatment for
1 h (Song and Bhushan 2019a).

The wettability of various surfaces was measured using an automated goniometer
(Model 290, Ramé-hart Instrument Co.). The wettability characterization data for

Fig. 5.1 Schematics of a single triangular pattern, and an array of triangular patterns with a
rectangular reservoir (adapted from Song and Bhushan 2019b)
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various surfaces is presented in Fig. 5.2 (Song and Bhushan 2019a). The measure-
ment technique of static contact angle (CA) has been described in Chap. 4.

5.1.1.2 Rectangular and Triangular Patterns with Multistep
Wettability Gradient

Samples with rectangular and triangular patterns and multistep wettability gradient
were fabricated on polydimethylsiloxane (PDMS) coated glass slides (Feng and
Bhushan 2020). For deposition of PDMS (Sylgard® 184, Dow Corning) coating, a
silicone elastomer curing agent was mixed with the base at the weight ratio of 1:10.
The uncured PDMS was degassed for 15 min at room temperature to remove
entrained air bubbles. The mixture was subsequently poured onto a glass slide and
allowed to flow for 1 h to form approximately 3 mm thick flat samples. The
mixture was cured by heating at 80 °C for 2 h. Finally, the desired samples were
produced by cutting the cured PDMS.

PDMS surfaces are hydrophobic with a contact angle of about 110°. UVO
treatment is commonly used to activate surfaces to change their degree of wetta-
bility (Bhushan 2018). The wettability gradient with various degrees of wettability
can be achieved by treating various segments of a pattern for different lengths of
treatment times. The UVO exposure was generated from a U-shaped,
ozone-producing and ultraviolent lamp (18.4 W, Model G18T5VH-U, Atlantic
Ultraviolet Co.) and samples were placed 100 mm underneath the light source. By
using a moving mask in selected steps, samples were treated for various times, to
produce surfaces with wettability gradient (Fig. 5.3a) (Feng and Bhushan 2020).
The mask was moved every 10 min with the first step of 2.5 or 5 mm and the other
five steps of 1.5 or 3 mm.

Fig. 5.2 Wettability
characterization of various
surfaces (adapted from Song
and Bhushan 2019a)
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Figure 5.3b shows the schematics of rectangular and triangular samples with
wettability gradients (Feng and Bhushan 2020). The size of the rectangular surface
was 10 mm � 2.5 mm. The triangular surface was 20 mm long and 8 mm wide at
the base. The rectangular base was 5 mm long and the triangular region was 15 mm
long with an included angle of 9°. Both rectangular and triangular samples had 6
wettability steps. The storage steps were 2.5 or 5 mm long, and the other five steps
were 1.5 mm or 3 mm long on rectangular and triangular samples, respectively.
From left to right, the CA of the surfaces decreased in six steps (81°, 68°, 53°, 47°,
34° and 20°).

5.1.1.3 Nested Triangular Patterns

The nested triangular patterns were formed by nesting two triangles with an in-
cluded angle of 17° and length of 10 mm each, as shown in Fig. 5.4 (Bhushan and
Feng 2020). The initial width of the second triangle at the junction at a length of
10 mm was ¾ width of the first triangle. To minimize resistance to droplet
movement at the junction, entrance angle to the second triangle was set to be about
5°. As will be discussed later, a configuration of nested triangles with an initial
width of the second triangle at the junction, with ½ width of the first triangle, was
also tried, but that impeded droplet movement. The total length of the entire nested
pattern was 20 mm. For comparison, the pattern with a single triangle was used
with an included angle of 17° at a length of 20 mm (Fig. 5.4).

Fig. 5.3 Schematics (a) of fabrication steps of the PDMS surfaces with multistep wettability
gradient by UVO treatment, and b rectangular and triangular patterns with wettability gradient
(adapted from Feng and Bhushan 2020)
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5.1.2 Experimental Apparatuses for Water Collection

5.1.2.1 Water Collection from Condensation

Figure 5.5 shows a schematic of the apparatus for water collection from conden-
sation (Song and Bhushan 2019a, b). The samples were placed on top of an alu-
minum block on the horizontal table and cooled by a thermoelectric Peltier cooler
(GeekTeches) down to about 5 ± 1 °C. A digital camera (Koolertron, 5MP
20-300X) was used to record the water collection process.

A property of interest in water condensation is dew point temperature. It is the
temperature to which air must be cooled to become saturated with water vapor.
When further cooled below the dew point, airborne water vapor will condense on
the surface to form water droplets (dew). At a temperature lower than dew point the
saturated vapor pressure of water in the ambient air decreases which leads to water
condensation (Alduchov and Eskridge 1996). The dew point temperature, Td, can
be calculated using the following equation (Lawrence 2005; Pruppacher and Klett
2010; Moran et al. 2018).

Fig. 5.4 Schematics of
patterns with a single triangle,
and with two nested triangles
(adapted from Bhushan and
Feng 2020)
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Td ¼ T � 100 � RHð Þ=5ð Þ ð5:1Þ

where RH is relative humidity of air-water mixture defined as partial pressure of
water vapor in the mixture divided by saturation vapor pressure. Using (5.1), the
dew point temperature at the ambient (22 °C and 50% RH) is about 12 °C, higher
than the sample temperature of 5 °C.

The samples were housed in an acrylic chamber (1 m � 0.5 m � 0.8 m). The
air temperature in the chamber was 22 ± 1 °C. Relative humidity (RH) was con-
trolled by injection of humid air. The humid air was produced by an air stream that
passed through a tank of hot water. By changing the temperature of the hot water
and the flow rate of the air stream, RH in the chamber could be controlled between
30 and 95%. A digital camera (Koolertron, 5MP 20-300X) was used to capture the
condensation process.

Experiments were conducted at a relative humidity of 85 ± 5%, except those
performed to study the effect of relative humidity. When the sample was cooled
down to 5 °C at RH >50%, which is lower than the dew point of the ambient air,
water vapor continuously condensed on the triangular region.

5.1.2.2 Water Collection from Fog

Figure 5.6 shows a schematic of the apparatus for water collection from fog (Song and
Bhushan 2019c). A commercial humidifier (Crane, EE-3186) was used to generate a

Fig. 5.5 Schematic of apparatus for water collection from condensation (adapted from Song and
Bhushan 2019a, b)
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stream of fog which was injected into a box. A rectangular opening at the bottom of
the box shaped the fog flow into a rectangular channel about 40 mm � 25 mm. The
samples were placed on top of a piece of transparent glass (3 mm � 150 mm
150 mm). Experiments were conducted in ambient conditions with a temperature of

22 ± 1 °C and relative humidity (RH) between 35 and 50%. A digital camera
(Koolertron, 5MP 20-300X) was used to record the water collection process.

5.1.2.3 Water Collection from Fog and Condensation

Figure 5.7 shows a schematic of the apparatus to collect microdroplets from the fog
as well as nanodroplets of condensed water vapor (Song and Bhushan 2019d). The
samples were placed on top of an aluminum block that was cooled by a Peltier
cooler down to about 5 ± 1 °C. The fog was generated in the box by a commercial
humidifier (Crane, EE-3186). Experiments were conducted in ambient with a
temperature of 22 ± 1 °C. Because of the fog, relative humidity was expected to be
close to 100%.

Fig. 5.6 Schematic of apparatus for water collection from fog (adapted from Song and Bhushan
2019c)
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5.1.2.4 Water Collection Measurements

To measure the mass of the collected water for both types of samples, after the test,
a piece of tissue paper was used to absorb the collected water. The paper before and
after soaking was weighed by a microbalance (Denver Instrument Company
No. B044038). The microbalance could measure a minimum mass of 1 mg. The
mass of tissue paper piece ranged from about 100–150 mg. The mass of the col-
lected water was about 100–200 mg. The mass of collected water could be mea-
sured with an accuracy of about ±5%.

5.2 Results and Discussion—Water Condensation Studies

To study the role of a triangular pattern on droplets’ mobility, experiments were
conducted on triangular and rectangular patterns. To study the effect of wettability,
experiments were conducted on triangular patterns with different wettabilities. To
understand the droplet transport mechanism, single droplets of different volumes
were deposited on a triangular pattern at room temperature, and the droplet
movements were observed. Next, to study the effect of geometry of triangular
patterns and relative humidity on the water collection rate from condensation,
experiments were conducted using triangular patterns with different geometries at a
range of relative humidity. For measurement of water collection rates, a reservoir
surrounded by an array of triangular patterns was used to collect a larger amount of
water.

Fig. 5.7 Schematic of apparatus for water collection from fog and condensation (adapted from
Song and Bhushan 2019d)
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5.2.1 Rectangular Versus Triangular Pattern
and Various Wettabilities

To compare the effect of rectangular and triangular patterns on droplet condensation
and mobility, water condensation studies on hydrophobic rectangular and triangular
patterns surrounded by superhydrophobic surfaces were carried out. The data is
shown in Fig. 5.8 (Song and Bhushan 2019a). Nucleation occurs with the initial
radius of the droplets on the nanoscale and these coalesce and grow to micro-
droplets with time (Sigsbee 1969). In the rectangular pattern, the micro-sized
droplets formed rather uniformly in the hydrophobic area. With time, the micro-
droplets grew and coalesced resulting in larger droplets (numbered 1–6). When the
droplets grew big enough to touch each other, they coalesced into even larger ones
(1 + 2, 3 + 4 and 5 + 6). However, the center position of the merged droplets did
not change, because there was no transportation after the coalescence.

In the triangular pattern, the initial formation of the micro-sized droplets was
similar to that on a rectangular pattern. Tiny droplets (1, 2 and 3) shown in Fig. 5.8,
coalesced to a larger one (1 + 2 + 3), which is larger than the local width of the
triangular pattern. The merged droplet moved in the direction of the wider trian-
gular width (Song and Bhushan 2019a). Condensation and coalescence continued.
The newly formed droplets kept on growing and a new cycle of coalescence made
the droplet move even farther.

Fig. 5.8 Selected optical images of condensed droplets on hydrophobic rectangular and triangular
patterns surrounded by superhydrophobic coatings. On the rectangular pattern, the condensed
droplets do not move, but grow and coalesce with a size larger than the pattern. However, the
droplets on the triangular pattern move in the direction with larger triangular width when tiny
droplets coalesce into a droplet with a size larger than the local triangular width. Arrows shown
below some droplets are based on the movement of center of the droplet observed in videos
(adapted from Song and Bhushan 2019a)
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To study the effect of wettability, the triangular regions with three wettabilities
and surrounding regions with less wettability were studied. Data for hydrophobic,
hydrophilic and superhydrophilic patterns are shown in Fig. 5.9a (Song and
Bhushan 2019a). Wettability of the triangular patterns was found to affect the
condensation process and droplet mobility. In the case of the hydrophobic pattern,
droplets were more spherical and did not spread. However, they touched the pattern
boundaries readily, which is necessary for droplet movement. In the case of
superhydrophilic and hydrophilic patterns, droplets spread and touched the pattern
boundaries to facilitate droplet movement. However, in the case of superhydrophilic
patterns, condensed water spread in the form of a thin film, making the surface
transparent (showing the black background of substrate underneath). Part of the
water film showed a white region due to the light reflection at the right side, as
marked. The thin film evaporates readily, and is not desirable for water collection.
Furthermore, adhesion of the water droplet is high which impedes droplet
movement.

The time it takes to initiate self-transport is affected by the wettability as well.
On the hydrophilic triangular pattern, it takes about 25 min for the
self-transportation of condensed droplets to occur from the tip to a distance of about
5.5 mm, whereas it takes about 94 min on the hydrophobic pattern to move the
same distance. Therefore, hydrophilic triangular patterns surrounded by superhy-
drophobic regions are most efficient in self-transport of droplets with three types of
wettability (Song and Bhushan 2019a).

To clearly illustrate water condensation and transport process as a function of
time, Fig. 5.9b presents schematics of droplet nucleation and movement (Song and
Bhushan 2019a). During condensation, the droplets nucleate and coalesce. Once
they touch the two sides, they start to move because of Laplace pressure gradient.

All following data is presented for hydrophilic patterns.

5.2.2 Single Droplet Experiments on Hydrophilic
Triangular Patterns

To understand the droplet transport mechanism, single droplet experiments were
conducted by depositing a droplet using a pipette at the inside of the tip of the
triangular pattern with varying volumes from 10 to 100 lL. Increments of 5 lL
were used for volumes ranging between 10 and 50 lL and 10 lL ranging between
50 and 100 lL. After deposition, the droplet moved along the pattern due to
Laplace pressure gradient, and stopped after traveling some distance. After the first
droplet had stopped, the pipette was used to add additional droplets at the current
location of the previous droplet, not at the tip of the pattern. Increments were added
until a maximum value of 100 lL had been added.
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Fig. 5.9 a Selected optical images of condensed droplets on three triangular patterns with
different wettability. The condensed droplets on the triangular patterns move in the direction with
larger triangular width when tiny droplets coalesce into one droplet with a size larger than the local
triangular width. Arrows shown below some droplets are based on the movement of the center of
the droplet observed in the videos. On the hydrophobic triangular pattern, the constrained droplets
are closer to being spherical compared to the ones on the hydrophilic triangular pattern where the
droplets spread into long stripes and travel faster than those on the hydrophobic surface. On the
superhydrophilic triangular pattern surrounded by the hydrophobic coating, condensed water
droplets spread into a thin film during the entire condensation process. Hydrophilic triangular
patterns surrounded by the superhydrophobic regions are most effective in self-transport.
b Schematic illustrations of droplet nucleation and movement on a hydrophilic triangular pattern
surrounded by a superhydrophobic region (adapted from Song and Bhushan 2019a)
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Figure 5.10a shows the optical images of the locations of the stopped droplets of
different volumes for a triangular pattern with an included angle of 17° (Song and
Bhushan 2019b). A droplet with larger volume traveled farther.

To mathematically understand the role of Laplace pressure gradient on the
droplet movement and the distance traveled, a droplet placed on the hydrophilic
triangular pattern, as shown in Fig. 5.11 was analyzed (Song and Bhushan 2019b).
In the schematic, w xð Þ is the local width of the triangle at a distance x from the tip of
the triangle. The droplet was constrained by the superhydrophobic region and
became wedged shaped. The local radius of the curvature of the droplet along the
triangle can be written as

Fig. 5.10 a Selected optical images of the deposited droplets with different volumes transported
along the triangular pattern when they stop. b Droplet volume and length as a function of travel
distance. These data were taken when the droplet stopped (adapted from Song and Bhushan
2019b)

Fig. 5.11 An optical image and schematic of a droplet constrained within the triangular pattern
(adapted from Song and Bhushan 2019b)
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R xð Þ� w xð Þ= 2sin h xð Þð Þ ð5:2Þ

where h xð Þ is the contact angle at the boundaries. The Laplace pressure generated
by the local curvature is given as

DP ¼ cLA=R xð Þ� 2cLAsin h xð Þ=w xð Þ ð5:3Þ

where cLA is the surface tension of water in air (Adamson and Gast 1997;
Isrealachvili 2011). For the constrained droplet, w(x) increases from the narrower
side to the wider side, and hence the Laplace pressure at the narrower side is larger
than the wider side. As a result, a driving force is generated to transport the droplet
with the direction pointing to the wider side. The driving force of the Laplace
pressure exists as long as the droplet is large enough to contact both boundaries of
the triangular pattern. When the droplet moved farther in the triangular pattern, the
magnitude of the driving force decreases because of the decrease in the gradient of
the inverse of local width of the triangle. The droplet stops when the driving force is
smaller than the adhesion force.

Figure 5.10b shows a plot of the droplet volume as a function of travel distance,
measured from the tip of the triangle to the right hand edge of the droplet (xr) at
various included angles (Song and Bhushan 2019b). The distance was measured to
the right hand edge because the droplet will be sucked to the reservoir once the right
edge touches the reservoir. The distance was measured when the droplet stopped.
A droplet with a larger volume traveled farther. A droplet with a given volume was
transported farther by a triangle with a smaller included angle. For example, to
move a droplet 20 mm to the right hand edge, the droplet volume had to reach 82,
29 and 20 lL on the triangular pattern with the included angle a = 17, 9 and 5°,
respectively.

Figure 5.10b also shows the relationship between the length of the stopped
droplet (l) and its position (xr) (Song and Bhushan 2019b). The data shows that
l increased linearly with xr and the included angle had little effect. It was observed
that the droplets were elongated along the travel direction. The droplet elongation
was believed to occur due to the adhesive force, which is directly related to the
contact angle hysteresis (difference between advancing and receding contact angles)
in the triangular area.

5.2.3 Hydrophilic Triangular Patterns—Effect of Geometry
and Relative Humidity

Water condensation, coalescence, and transport process was investigated for hy-
drophilic triangular patterns with various geometry and at various relative humidity.
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5.2.3.1 Included Angles

Figure 5.12 shows the condensed droplets on triangular patterns with three included
angles (Song and Bhushan 2019b). In the beginning of condensation, the condensed
droplets were relatively small, as shown in the first column of Fig. 5.12a. As the
condensation continued, the growing droplets started to coalesce into bigger dro-
plets. Eventually, they were big enough to touch the superhydrophobic borders,
which triggered the motion driven by the Laplace pressure gradient, as shown in the
second and third column of the figure. For example, at a time of 45 min after the
start of condensation on the triangular pattern with a = 9°, there were five
millimeter-sized droplets (numbered 1–5) that touched the borders. At 76 min,
droplets 1 and 2 coalesced into one big droplet (1 + 2) and droplets 3 and 4
coalesced into another (3 + 4). After the coalescence of droplets 1 and 2, the droplet
volume increased and the Laplace pressure gradient was able to drive the droplet.
Due to adhesion, the droplet (1 + 2) was elongated and stopped after moving a step
of 1.4 mm based on the calculation of the center of the droplet area. It is further
noted that the position of the center of droplets 3 and 4 did not change after their
coalescence. This is because the size of the coalesced droplet (3 + 4) was too small
and the Laplace pressure gradient along the coalesced droplet could not overcome
the adhesion.

The length of the droplet as a function of travel distance xr after it stops, is shown
in Fig. 5.12b (Song and Bhushan 2019b). Similar to Fig. 5.10b, the length of the
elongated droplet increases linearly with its position xr, and the included angle has
little effect on the length.

To study the condensation rate, one needs to know the size (mass or volume) of
the droplet and time taken to reach the reservoir. Figure 5.12c shows the droplet
mass and time needed for the droplet to reach the reservoir through the entire
triangular pattern with different included angles (Song and Bhushan 2019b). As a
increases, it takes more time for the droplet to be transported to the reservoir.
However, for larger a, the mass of a coalesced droplet which starts to move is
larger, as shown in the figure.

To study transport efficiency of the condensed droplet across the triangular
pattern, an array of triangular patterns was used to increase the amount of collected
water for high accuracy. This will be presented in a later section.

5.2.3.2 Relative Humidity

Figure 5.13a shows the condensed droplets at two different values of relative
humidity on a triangular pattern with an included angle of 9° (Song and Bhushan
2019a, b).The droplets coalesced as a function of time and once they touched the
borders, they started to move. The coalesced droplets eventually moved to the
reservoir and the sizes of the droplets were weighed by soaking a slice of paper
tissue and weighing it. Figure 5.13b shows the mass of the final droplet right before
reaching the reservoir. RH did not affect the mass of the final droplet before
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Fig. 5.12 a Selected optical images of the condensed droplets on a single triangular pattern with
three included angles at different times. Arrows shown below some droplets are based on
movement of center of the droplet observed in videos. b Length of the coalesced droplet (l) as a
function of the travel distance, xr, after it stops. c Effect of included angle on the mass of the first
droplet at the reservoir and the time taken for the droplet traveling through the pattern (adapted
from Song and Bhushan 2019b)

128 5 Bioinspired Triangular Patterns on Flat Surfaces for Water …



reaching the reservoir. Figure 5.13b also shows the time it takes for the droplet to
reach the reservoir at different values of relative humidity. The travel time through
the reservoir decreased with an increase in RH because of increased condensation
(Song and Bhushan 2019b).

5.2.4 Array of Hydrophilic Triangular Patterns

To increase the water collection rate, samples containing a reservoir with an array of
triangular patterns were used. Figure 5.14a shows the optical image of the reservoir
with triangular patterns with 10 mm length and an included angle of 9°, after
condensation for 450 min (Song and Bhushan 2019b). The condensed water on the
triangular area was transported to the reservoir, and its mass was measured using a
paper tissue. To evaluate the additional mass of water condensed at the reservoir

Fig. 5.13 a Selected optical images of the condensed droplets on a single triangular pattern in
different relative humidity at different times. Arrows shown below some droplets are based on
movement of center of the droplet observed in videos. b Effect of relative humidity on the mass of
the first droplet in the reservoir and the time taken for the droplet traveling through the pattern
(adapted from Song and Bhushan 2019b)
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area, a rectangular hydrophilic area was placed beside the array and the mass of the
condensed water was measured as well. When calculating the condensation rate on
the triangular patterns, the mass of the water on the rectangular region was deducted
from the mass of the water on the reservoir with array.

The effect of relative humidity on the condensation rate is shown in Fig. 5.14b
(Song and Bhushan 2019b). The condensation rate increased linearly with relative
humidity in the measured range of 50–85%.

Next, for optimization of water collection designs, the effect of the included
angle, a, and the length of the triangular patterns, La, were studied. As shown in
Fig. 5.14c, the included angle did not affect the condensation rate (Song and
Bhushan 2019b). Even though the droplet transported slowly on a triangle with a
larger included angle, the size of the droplet was larger which may provide similar
condensation rates. Figure 5.14c also shows the condensation rate as a function of
the length of the triangular patterns. The condensation rate decreased when the
length increased. Since a shorter distance requires less time to transport the con-
densed droplets and though droplets being removed are expected to be smaller, the
removal rate increased the condensation rate.

5.2.5 Summary

The water condensation and transport process of triangular patterns was investi-
gated. The effect of different wettability of triangular patterns surrounded by the
region with less wettability was studied. The hydrophilic triangular patterns sur-
rounded by superhydrophobic regions were found to be desirable for water col-
lection. For droplet transport, when the droplets were constrained within the
triangular patterns, they started to move after coalescence, and they reached a
critical size and touched the two sides. The triangular pattern with a larger included
angle needed more time to transport condensed droplets, however, the mass was
larger. A water collection reservoir was fabricated with an array of triangular pat-
terns to measure the condensation rate. The relative humidity increased the con-
densation rate. The included angle did not affect the condensation rate. A decrease
in the length of the patterns increased the condensation rate (Song and Bhushan
2019a, b).

To design a condensation water collection tower, a hydrophilic pattern sur-
rounded by a superhydrophobic region should be used. Since the included angle
had no effect on condensation rate and a shorter length promoted condensation, a
larger number of triangular patterns with smaller included angles and shorter
lengths can be used for a higher condensation rate. Relative humidity of the ambient
air increased the condensation rate, therefore, high relative humidity is desirable.
However, it may not be possible to control it in practical applications (Song and
Bhushan 2019a, b).
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Fig. 5.14 a Representative optical image of the condensed water in the reservoir surrounded by
an array of triangular patterns, b Water condensation rate as a function of relative humidity, and
c Water condensation rate as a function of included angle and length of the triangular patterns
(adapted from Song and Bhushan 2019b)
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5.3 Results and Discussion—Fog Water Collection Studies

To study the effect of geometry of triangular patterns in fog, the water collection
studies were conducted on hydrophilic triangular patterns for various included
angles. For measurement of water collection rates, a reservoir surrounded by an
array of triangular patterns was used to collect a larger amount of water.

5.3.1 Included Angles

Figure 5.15a shows the water collection and transport process on triangular patterns
with different included angles (Song and Bhushan 2019c). The included angle
affects the water transport process. The time taken to transport the water droplets
across the triangular pattern increases with an increase in the included angle. For
example, to transport the collected water to reach the reservoir, xr = 20 mm, it takes
about 78, 57 and 42 min on the patterns with included angles of 17°, 9° and 5°,
respectively. The size of droplet needed to trigger the transport of the deposited
droplet, increases with an increase in the included angle.

Due to adhesion of the hydrophilic pattern to the droplet, the collected droplet
was elongated before it could start to move. The length of the elongated droplet
(l) right after the droplet stopped moving as a function of the travel distance, xr, is
shown in Fig. 5.15b (Song and Bhushan 2019c). Length increased linearly with xr,
and the included angle had no effect. These results agree with observations made in
the water condensation study presented in the previous section.

Figure 5.15c shows the droplet mass and time needed for the droplet to reach the
reservoir through the whole triangular pattern as a function of included angles (a)
(Song and Bhushan 2019c). As a increases, the mass of the droplet that reached the
reservoir increased, while it took more time for the droplets to reach the reservoir.
These results also agree with observations made in the water condensation study
reported earlier.

5.3.2 Array of Triangular Patterns

To increase the water collection rate, samples containing a reservoir with an array of
patterns were used. Figure 5.16a shows an optical image of the reservoir with an
array of triangular patterns with 10 mm length and an included angle of 9°, after
being exposed to fog for one hour (Song and Bhushan 2019c). The collection rate
of water was about 0.86 mg mm−2 h−1.
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Fig. 5.15 a Selected optical images of droplets on single triangular patterns with different
included angles at different times under fog. Arrows shown below some droplets correspond to
movement of center of the droplet observed in videos. b Length of the coalesced droplet (l) as a
function of the travel distance (xr) after it stops. c Effect of included angle (a) on the mass of the
first droplet at the reservoir and time taken for the droplet traveling through the pattern (adapted
from Song and Bhushan 2019c)
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For optimization of water collector design, the effect of the included angle, a,
and the length of the triangular patterns, La, were studied. Figure 5.16b shows that
the included angle did not affect the water collection rate. Even though the droplet
transported slowly on a triangle with a larger included angle, the size of the droplet
was larger which may provide the similar collection rates. Figure 5.15b also shows
the water collection rate as a function of the length of the triangular patterns (Song
and Bhushan 2019c). The water collection rate decreased when the length
increased. Since a shorter distance requires less time to transport the droplets and
although droplets being removed are small, the removal rate increases the collection
rate.

Fig. 5.16 a Representative optical image of the water collection in the reservoir surrounded by an
array of triangular patterns in fog, and b water collection rate as a function of included angle and
length of the triangular patterns (adapted from Song and Bhushan 2019c)
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5.3.3 Summary

The water collection rates and transport ability of the triangular patterns from fog
were investigated. Hydrophilic triangular patterns were surrounded by a rim of su-
perhydrophobic regions. When exposed to fog, droplets accumulate on hydrophilic
patterns. Droplets grow and start to coalesce into bigger ones. Eventually, they are big
enough to touch the superhydrophobic borders, which triggers the transport motion.
A wedge-shaped droplet generates a Laplace pressure gradient that is able to spon-
taneously drive the droplet. The collected water moves slower on a triangular pattern
with a larger included angle, however, larger water droplet is transported to the
reservoir. In experiments with an array of triangular patterns surrounding a reservoir,
the water collection rates were measured. Included angle had no effect on the col-
lection rate, however it increased with a decrease in the length of the pattern.

5.4 Results and Discussion—Fog Water Collection
and Condensation Studies

The droplet collection process from fog deposition and/or vapor condensation was
investigated first on a flat hydrophilic surfaces. Then the samples with triangular
patterns were studied to measure the water collection rate from the fog and/or
condensation.

5.4.1 Flat Hydrophilic Surfaces Under Different Conditions

Figure 5.17a shows the droplet collection process on hydrophilic surfaces under
different conditions (Song and Bhushan 2019d). Under fog, the microdroplets
suspended in the fog gets deposited on the hydrophilic surface. The droplets
become larger due to the coalescence of the microdroplets. Under the condensation
condition, the droplets nucleate on the surface. The condensation process of water
vapor is driven by the phase change which starts with nanodroplets (Pruppacher and
Klett 2010). The condensation process is dependent on the degree of subcooling
and the relative humidity. Again the droplets coalesce and become larger.

In the experimental apparatus used, the droplet size in fog appears to be larger
than in the condensation where the substrate temperature is 5 °C with a relative
humidity of 85 ± 5% or more.

When the condensation was included in the fog flow, the size of the water
droplets appears to have increased, as shown in Fig. 5.17b. It took around 5 min for
the droplet to reach the size of around 1 mm while it took about 15 min and 25 min
under fog and condensation conditions, respectively, for the droplets to reach a
similar size, as shown in Fig. 5.17b (Song and Bhushan 2019d).
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Fig. 5.17 a Selected optical images of droplets on flat hydrophilic surfaces, under fog,
condensation, and fog + condensation, b average diameter of the coalesced droplets at different
times, and c the mass of collected water per unit area at different times. The mass in (c) was
calculated from the images in (a) and droplets were assumed to be spherical (adapted from Song
and Bhushan 2019d)
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The mass of the collected water on the hydrophilic surface was estimated by
assuming that the droplets were spherical (Song and Bhushan 2019d). The mass is
given as:

q
XN

i

p 2þ cos hð Þ 1 � cos hð Þ2

24 sin3 h
d3

i ð5:4Þ

where N is the total number of the coalesced droplets per unit area, di is the diameter
of the ith droplet observed by the top view image, h = 61° is the contact angle and
q = 998 kg/m3 is the water density (Rumble 2019). The estimated water collection
per unit area are shown in Fig. 5.17c (Song and Bhushan 2019d). With both
condensation and fog, the water collection rate was increased by more than two
times the water collection rate in fog alone.

The water collection process under different conditions is shown schematically
in Fig. 5.18 (Song and Bhushan 2019d). Under the fog condition, microdroplets

Fig. 5.18 Schematic illustration of proposed droplets growth process under fog, condensation,
and fog + condensation (adapted from Song and Bhushan 2019d)
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carried by the fog flow are deposited on the substrate without any phase change.
The droplet growth is dominated by the feed of microdroplets and coalescence.
Under the condensation condition, nucleation occurs on the substrate where the
initial radius of the nucleated droplet is on nanoscale (Sigsbee 1969). When
combining fog and condensation, both microdroplet deposition and nanoscale
nucleation exist on the substrate. The microdroplets from fog and nanodroplets
from condensation coalesce more rapidly resulting into larger droplets.

5.4.2 Triangular Patterns Under Different Conditions

Figure 5.19 shows the collection and transport of water droplets moving along the
triangular pattern with an included angle of 9° under different conditions (Song and

Fig. 5.19 a Selected optical images of the droplets on triangular patterns at different times, under
fog, condensation, and fog + condensation. Arrows shown below some droplets represent
movement of center of the droplet observed in videos. b Time taken for the droplet traveling
through the pattern to the reservoir (adapted from Song and Bhushan 2019d)

138 5 Bioinspired Triangular Patterns on Flat Surfaces for Water …



Bhushan 2019d). It has been reported earlier that the hydrophilic triangular pattern
can drive the droplet by the Laplace pressure gradient without an external force.
The mechanism of the driving force of the droplet is similar under different con-
ditions. In the beginning, small droplets grew and coalesced at the tip area of the
triangle, until there was one droplet large enough to touch the superhydrophobic
borders. A large droplet was elongated in the triangular direction and the vertical
width varied, which triggered the Laplace pressure gradient and drove the droplet
rightward.

The key to transport of the droplet at a fast speed is to promote the droplets to
grow large enough to touch the triangular borders as soon as possible. Under the
condition of fog or condensation alone, the droplets grew at a lower speed than the
ones with both fog and condensation as mentioned in the previous section. As a
result, it took only 26 min for the droplet to move across the entire pattern under
fog and condensation while it took 57 and 111 min for the droplet under fog or
condensation, respectively.

5.4.3 Array of Triangular Patterns Under Fog
and Condensation

To study the water collection rates of the triangular patterns under the condition of
fog and condensation, an array of triangular patterns was fabricated to surround a
reservoir, so that the collected water can be increased. Figure 5.20a shows a rep-
resentative optical image of the reservoir with an array of triangular patterns with
10 mm length and included angle of 9° after being exposed to fog and condensation
for 18 min (Song and Bhushan 2019d).

Figure 5.20b shows the effect of included angle and length of the triangular
patterns on the water collection rate under different conditions (Song and Bhushan
2019d). It shows that the water collection rate changes little with a change of
included angle under conditions of fog, condensation and fog + condensation.
However, the triangular length affected the water collection rate under all tested
conditions. A shorter length benefits the water collection rate. Since a shorter
distance requires less time to transport the droplets, although droplets being
removed are small, the removal rate increases the collection rate. The water col-
lection rate with combined fog and condensation is larger than under fog or con-
densation, separately. The water collection rate is around two times higher than the
rate in the fog alone.

5.4 Results and Discussion—Fog Water Collection … 139



5.4.4 Summary

Water collection rates and transport ability of the triangular patterns under fog,
condensation and combination of both were investigated. Figure 5.21 schematically
shows the droplet collection and transport process under fog and/or condensation
(Song and Bhushan 2019d). The droplet grows and coalesces. When the droplet
grows large enough, it touches the superhydrophobic borders. A Laplace pressure
gradient forms along the droplet and drives it to a wider position. The spontaneous
drainage process continues for the new droplets fed into the triangular region (Song
and Bhushan 2019d). The drained water can be collected in a reservoir before some
of it is evaporated.

In condensation as compared to fog, the droplets grew faster, and the estimated
water collection was increased to about two times that of the rate in just fog

Fig. 5.20 a Representative optical images of the collected water in the reservoir by an array of
triangular patterns under fog + condensation. b Water collection rate as a function of included
angle and length of the triangular patterns (adapted from Song and Bhushan 2019d). The data of
condensation at relative humidity of 85% from Song and Bhushan (2019b) and the data of fog
from Song and Bhushan (2019c) was used

140 5 Bioinspired Triangular Patterns on Flat Surfaces for Water …



condition. When the triangular pattern was subjected to both fog and condensation,
the droplet collection and transport was faster than under fog or condensation alone.
Mass measurement of the water collection using an array of triangular patterns
showed that the condensation increased the water collection rate by approximately
two times the rate in the fog alone. Included angle of the triangular geometry did
not affect the water collection rate, whereas the shorter length increased the rate.
The approach of combining fog and condensation can be used to develop efficient
water collection systems (Song and Bhushan 2019d).

5.5 Results and Discussion—Water Condensation Studies
Using Surfaces with Multistep Wettability Gradient

Wettability gradient on a surface can increase the droplet mobility. Figure 5.22
shows the droplet movement on a surface with heterogeneous wettability.
Wettability gradient provides an unbalanced Young’s force on both sides of the
droplet as a driving force for directional transport of the droplet. If the droplet is
placed on an inclined plane, the driving force is equal to the unbalanced Young’s
force experienced by a cross section of a droplet minus the gravitational force
component along the surface given as (Adamson and Gast 1997; Israelachvili 2011;
Bhushan 2018),

F ¼ cLAðcos hB � cos hAÞw � mg sin / ð5:5Þ

where hA and hB are the contact angles of the adjacent steps on a surface with
heterogeneous wettability, and w is the width, and m is the mass of the droplet.

Fig. 5.21 Schematic illustration of the water collection and transport process on a triangular
hydrophilic pattern. Small droplets are deposited on the triangular hydrophilic area. When the
smaller droplets grow and coalesce to bigger ones and touch the superhydrophobic borders.
A Laplace pressure gradient exists along the droplet which is able to move the droplet. After the
droplet is moved, the empty area will continue to collect small water droplets (adapted from Song
and Bhushan 2019d)
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If the right step is more hydrophilic than the left step, the droplet will be driven
toward the right side of the surface. Droplet on an inclined plane will move as long
as the Young’s force is larger than gravitational force component along the surface.

5.5.1 Single Droplet Experiments on Flat Surfaces

To understand the droplet transport mechanism on flat surfaces, single droplet
experiments were carried out on hydrophilic surfaces with homogeneous and
heterogeneous wettability. Droplets were deposited using a microsyringe at the left
side of sample areas with a volume increment of 5 lL. Experiments were carried
out on two hydrophilic surfaces with CA of 81° and 20°, and another with multistep
wettability gradient (CA = 81°–20°). Selected optical images are shown in
Fig. 5.23 (Feng and Bhushan 2020). A schematic of the rectangular array below the
photo in the bottom row shows the wettability steps.

The hydrophilic surface with CA = 81° did not have a wettability gradient, so
there was no droplet transport. But due to the increased volume of the liquid and the
limitation of the left edge, the droplet could expand to the right. When the volume
of the droplet reached above 60 lL, the width of the surface could not hold the
droplet. For another hydrophilic surface with CA = 20°, the droplet spread more on
the surface due to the smaller contact angle, and the entire surface was covered with
a thin water film when the droplet was at 10 lL. As the droplet volume increased,
the water film became thicker. For the surface with the wettability gradient, the
droplets rapidly spread over the surface as the droplets were deposited. As the
contact angle of the next steps became smaller, the spread length of droplets

Fig. 5.22 Schematic of the droplet movement on an inclined surface with heterogeneous
wettability

142 5 Bioinspired Triangular Patterns on Flat Surfaces for Water …



gradually increased. As the droplet volume increased to greater than 20 lL, the
droplets traversed more steps and after coalescing, the droplets were transported to
the storage step (CA = 20°).

5.5.2 Rectangular Sample Patterns

Droplet condensation and transport were studied on samples with rectangular
patterns with homogeneous and heterogeneous wettability. Samples with multistep
wettability gradient (CA = 81°–20°) and two hydrophilic samples (CA = 81° and
CA = 20°) were studied.

Fig. 5.23 Selected optical images of droplet deposition and transport on the rectangular surfaces
with two wettabilities (CA = 20° or 81°) and with multistep wettability gradient (CA = 81°–20°)
at different droplet volumes (adapted from Feng and Bhushan 2020)
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The selected optical images are shown in Fig. 5.24a (Feng and Bhushan 2020).
In the hydrophilic surface with CA = 81°, at the beginning stage, the droplets
coalesced and grew larger on the surface. As the condensation continued, more
droplets condensed and coalesced to form larger ones (recorded as 1–7).

Fig. 5.24 a Selected optical images of condensed droplets on rectangular surfaces on a horizontal
plane with two wettabilitities (CA = 20° or 81°) and with multistep wettability gradient
(CA = 81°–20°). Arrows shown above some droplets represent movement of center of the droplet
observed in videos. b Schematic illustration of droplet growth, coalescence and transport on
rectangular surfaces with two wettability and with wettability gradient (adapted from Feng and
Bhushan 2020)
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Eventually, when the droplets were large enough to reach adjacent droplets, the
coalescence of droplets formed larger ones (1 + 2 + 3, 4 + 5 and 6 + 7) at a
coalescence time of 98 min. After the formation of the larger droplets, the center of
the entire droplets did not change, which meant that the droplets were not trans-
ported after coalescence.

On another hydrophilic surface with CA = 20°, since the surface was more
hydrophilic, the droplet spread more quickly. Droplets coalesced to form larger
droplets more quickly. This took place in 13 min. Then in a short period of time, a
water film was formed, and the entire process took only 32 min. No directional
transport of any droplets was observed due to the high adhesion of the surface.

The initial process of condensation of droplets on the surface with multistep
wettability gradient (CA = 81°–20°) was the same as on the two hydrophilic sur-
faces (CA = 81° and 20°). However, at 42 min after the droplets condensed, they
were not uniform in size (recorded as 1–3). The right steps were more hydrophilic
than the left steps, thus causing the droplets in the right steps to spread more.
Between 51 and 63 min, as the droplets condensed and became larger, the wetta-
bility gradient provided an unbalanced force at the two sides of a droplet which
acted as a driving force for directional movement of the droplet to the more
hydrophilic step. Droplets 2 and 3 coalesced into large droplets (2 + 3) at 51 min.
After that, the size of the large droplets was insufficient to coalesce with the droplets
next to them due to the randomness of the droplets. Therefore, with the help of
continuous condensation to create new droplets, they finally coalesced with large
droplets (2 + 3) at 63 min and transported to the storage step, at which point the
droplet transport was completed over the entire surface. The exposed area on the
left steps could continue to have condensation and have new transport.

To better understand the transport mechanism of droplets on hydrophilic sur-
faces and the surfaces with wettability gradient, the growth, coalescence and
transport of droplets are shown schematically in Fig. 5.24b (Feng and Bhushan
2020). For three different surfaces, first, droplets were condensed, which coalesced
with other droplets to form larger droplets. For hydrophilic surfaces (CA = 81° and
CA = 20°), the forces of the droplets were equal when coalescing. In the case of a
more hydrophilic surface, and the droplets spread over larger area under the same
volume. Therefore, coalescence was more likely to occur. In addition, the more
hydrophilic surface takes the shorter time to form the water film. However, since the
surface was more hydrophilic, the adhesion was higher. The droplets formed a very
thin film of water that did not fall off when the surface was tilted. The surface with a
wettability gradient provided directional transport of droplets. The CA on the left
and right sides were different, which led to droplet transport.

Next, whether the droplets can climb on an inclined plane with multistep wet-
tability gradient and overcome the gravitation forces was studied. The sample with
multistep wettability gradient was placed on an inclined plane with an inclination
angle of 5°. The droplets condensed, coalesced and transported upward. The
selected optical images of droplets on samples sitting on flat and inclined planes are
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shown in Fig. 5.25 (Feng and Bhushan 2020). As expected, it took longer for
droplets on an inclined plane to reach the storage step. However, the driving force
due to heterogeneous wettability was high enough to overcome gravitational forces.

5.5.3 Triangular Patterns

To investigate the combined effects of Laplace pressure gradient and multistep
wettability gradient, three samples with triangular patterns with different wettability
were studied. They included two hydrophilic triangular surfaces (CA = 81° and
CA = 20°) and one surface with wettability gradient (CA = 81°–20°). Selected
optical images are shown in Fig. 5.26 (Feng and Bhushan 2020). Shapes of the
moving droplets and their transport times were affected by surface wettability.

In the hydrophilic surfaces with CA = 81°, the condensed water droplets were
relatively small at the onset of condensation. As condensation continues, the
growing droplets began to coalesce into larger droplets. Ultimately, they were large
enough to reach the boundary, triggering transport driven by Laplace pressure
gradient. For example, after 36 min of condensation on the triangular sample, 5
large droplets (numbers 1–5) were formed to touch the boundary. At 48 min,
droplets 1, 2 and 3 coalesced into one large droplet (1 + 2 + 3). In the next period
of time of 3 min, large droplets (1 + 2 + 3) coalesced droplets 4 and 5, the droplet
volume increased, and the Laplace pressure gradient could drive the droplets to the
storage area. On another more hydrophilic surface with CA = 20°, the initial stage

Fig. 5.25 Selected optical images of condensed droplets on rectangular surfaces with multistep
wettability gradient (CA = 81°–20°), placed on a horizontal plane and another inclined at 5°, at
different times. Arrows shown above some droplets represent movement of center of the droplet
observed in videos (adapted from Feng and Bhushan 2020)
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of condensation was the same, but the whole process was very fast. At 14 min, all
of the droplets on the entire surface coalesced to form a water film. Similar to the
rectangular hydrophilic surface (CA = 20°), a thin water film was formed. The
Laplace pressure gradient along the coalesced droplets could not overcome the high
adhesion resulting in the transport of droplets.

The process of droplet condensation, coalescence and transport on two hydro-
philic surfaces was similar. However, the triangular sample combined with the
multistep wettability gradient and the Laplace pressure gradient had an increase in
the coalescence rate of the droplets. By comparing the rectangular surface with
wettability gradient, the entire transport time was shortened by approximately 50%.
It was found that the key to rapid transport of droplets was the rapid coalescence of
the droplets and the sufficient directional driving force so that the overall con-
densation and transport time was greatly reduced.

Next, whether the droplets can climb on an inclined plane with multistep wet-
tability gradient and overcome the gravitation forces was studied. The three samples
with triangular geometries placed on a plane inclined at 15° were studied. Selected
optical images of droplets are presented in Fig. 5.27 (Feng and Bhushan 2020). As
expected, it took longer for droplets on all surfaces on inclined planes to reach the
storage steps. However, the driving forces in all samples were high enough to
overcome gravitational forces.

Fig. 5.26 Selected optical images of condensed droplets on triangular surfaces placed on
horizontal planes with two wettabilities (CA = 20° or 81°) and with multistep wettability gradient
(CA = 81°–20°), at different times. Arrows shown above some droplets represent movement of
center of the droplet observed in videos (adapted from Feng and Bhushan 2020)
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5.5.4 Summary

Water condensation and transport on triangular surfaces with multistep wettability
gradient were investigated. For comparison, experiments were also carried out on
rectangular surfaces with various homogeneous wettability. On rectangular surfaces
with wettability gradient, when the water in the ambient air was cooled to about 5°,
it condensed, grew, and coalesced on the rectangle surface. When the coalesced
droplets were driven by the wettability gradient, the droplets began to move and
were transported to the storage step. The triangular surface combined with the
wettability gradient and the Laplace pressure gradient had an increase in the coa-
lescence rate of the droplets and the transport time was shorter than on the rect-
angular samples. Even on surfaces placed on inclined planes, the driving forces
were high enough to transport droplets upward to the storage steps (Feng and
Bhushan 2020).

Fig. 5.27 Selected optical images of condensed droplets on triangular surfaces placed on a plane
inclined at 15° with two wettabilities (CA = 20° or 81°) and with multistep wettability gradient
(CA = 81°–20°), at different times. Arrows shown above some droplets represent movement of the
center of the droplet observed in videos (adapted from Feng and Bhushan 2020)
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5.6 Results and Discussion—Water Condensation Studies
Using Nested Triangular

Patterns

To study the effect of nested triangular patterns on droplet transport, the water
collection studies were conducted on hydrophilic triangular patterns with a single
triangle and with two nested triangles.

5.6.1 Single Droplet Experiment

In order to study the relationship between the volume of the deposited droplet and
the distance traveled, the single droplet experiments were carried out on patterns
with a single triangle and with nested triangles. The selected optical images of
patterns, after deposition of various droplet volumes, are shown in Fig. 5.28
(Bhushan and Feng 2020). For the pattern with a single triangle, after the droplet
was deposited at the apex, the droplet touched the superhydrophobic dam, which

Fig. 5.28 Selected optical images after deposition of various droplet volumes (a) on patterns with
a single triangle and with two nested triangles (with the initial width of the second triangle at the
junction being equal to ¾ width of the first triangle), and (b) on a pattern with two nested triangles
(with the initial width of second triangle at the junction being equal to ½ width of the first triangle)
(adapted from Bhushan and Feng 2020)
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triggered the droplet transport driven by the Laplace pressure gradient Fig. 5.28a
(Bhushan and Feng 2020). The droplet stopped after some distance. Another dro-
plet was placed at the current location of the existing droplet. However, the travel
distance decreased with subsequent droplets. This was because the width of the
pattern became larger, resulting in a lower Laplace pressure gradient (Bhushan
2018, 2019). Also, the liquid volume required to touch the borders became larger.
For the pattern with two nested triangles, the droplet transport process at the length
of 10 was similar to that of the pattern with a single triangle. However, the width of
the nested pattern at the junction with second triangle at 10 mm was optimized to ¾
width of the first triangle. In the second triangle, the Laplace pressure gradient
increased and the width was smaller, which accelerated the movement of the
droplet. Therefore, in the case of nested triangles, a droplet with a volume of 40 lL
reached the reservoir, instead of a droplet with a volume of 80 lL for a single
triangle (Bhushan and Feng 2020).

When the width at the junction with the second triangle at 10 mm was only ½
width of the first triangle, the droplet was not able to move readily past the junction
of the two triangles, as shown in Fig. 5.28b (Bhushan and Feng 2020). A droplet
with a volume of 55 lL was needed to reach the reservoir, instead of a droplet with
a volume of 40 lL for nested triangles with ¾ width of the first triangle at the
junction. It was concluded that the droplets are not able to pass through the junction
smoothly with ½ width of the first triangle, and continuous and rapid transport of
the droplet could not be achieved (Bhushan and Feng 2020).

5.6.2 Water Condensation and Transport on Patterns

To compare the ability to transport condensed droplets, on a single triangle and
nested triangles, water condensation and transport studies were carried out. The
selected optical images are shown in Fig. 5.29a (Bhushan and Feng 2020). In the
pattern with a single triangle, at the beginning stage, the droplets were relatively
small and grew larger by coalescence. As the condensation continued, more dro-
plets condensed and coalesced to form larger ones (numbered as 1 and 2). When the
droplets were large enough to touch the superhydrophobic borders, the motion
driven by the Laplace pressure gradient was triggered. The movement of droplet 1
occurred after 54 min. Then, coalescence of the droplets to form larger droplets
(numbered 1, 2 and 3) occured at 74 min. Also, the tiny droplets continued to
condense. Droplets 1 and 2 coalesced and moved forward, and coalesced with
droplet 3, which reached the reservoir after 95 min (Bhushan and Feng 2020).

For the pattern with two nested triangles, at 54 min, because of a smaller
enclosed area in the second triangle, the droplets could coalesce more quickly to
form larger droplets (numbered 1, 2, 3 and 4). Since the width at 10 mm was
smaller in the nested triangles, the driving force of the droplets increased which led
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to faster transport and coalescence into a larger droplet (1 + 2 + 3) after 60 min. It
took 65 min to reach the reservoir in the nested triangles instead of 95 min in the
case of a single triangle. Therefore, the nested pattern enables faster transport of
droplets (Bhushan and Feng 2020).

To better understand coalescence and transport of droplets for the nested tri-
angular patterns, schematics of growth, coalescence and transport of condensed
droplets on the two patterns are shown in Fig. 5.29b (Bhushan and Feng 2020).
First, the droplets are condensed, which coalesce with other droplets to form larger
droplets. Once they touch the boundary, they start to move because of Laplace
pressure gradient. The optimized pattern has two nested triangles, in which the
Laplace pressure gradient was enhanced. At the same time, the width of the second
triangle was smaller which required less liquid to touch boundaries and initiate
transport. These led to faster transport of the droplets (Bhushan and Feng 2020).

Fig. 5.29 a Selected optical images of condensed droplets on patterns with a single triangle and
with two nested triangles at different times. Arrows shown above some droplets correspond to
movement of the center of the droplet observed in videos, and b schematics of droplet nucleation,
growth, coalescence and transport on patterns with a single triangle and with two nested triangles
(adapted from Bhushan and Feng 2020)
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5.6.3 Summary

Water condensation and transport studies were carried out on a pattern with two
nested triangles for more efficient water collection. On the nested pattern, the initial
width of the second triangle at the junction at 10 mm length from the tip was
designed to be ¾ width of the first triangle in order to increase the Laplace pressure
gradient. The data from the single droplet experiments and water condensation
experiments showed that the water transport for the first triangular pattern was the
same before and after the optimization of the pattern. But for the second triangle of
the nested pattern, since the width of the second triangle was narrower at the
junction of the two triangles, droplets traveled faster due to the higher Laplace
pressure gradient (Bhushan and Feng 2020).

5.7 Design Guidelines for Water Harvesting Systems

Design of a bioinspired water harvesting 3D tower covered with triangular patterns
will be presented in Chap. 6 (Bhushan 2020).
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Chapter 6
Commercial Applications, Projections
of Water Collection, and Design
of Water Harvesting Towers

6.1 Commercial Applications

Bioinspired large water harvesting towers and portable water harvesting towers are
of commercial interest. Large water harvesting towers can be used to supply water
to a community in arid regions. Portable units can be used to supply a home or a
camper (Fig. 6.1) (adapted from image provided by Getty images) (Bhushan,
2020). Unlike in desalination, these units can be operated inland. Manufacturing
and maintenance costs and energy consumption will be an important consideration
for economic viability in these applications (Bhushan, 2020).

In addition, these towers can be used in various emergency and defense appli-
cations. Emergency applications, such as natural disasters, could benefit for short
periods from portable units which could be dropped from air (Fig. 6.2) (Bhushan
2020). In emergency applications, human life is at stake, and cost is not an issue.
Defense applications include military bases in combat zones. The cost of clean
water in Forward Operating Bases (FOBs) in a combat zone such as in Afghanistan
can be as much as US $350/gallon because of the dangers posed in transportation.
Large towers can be installed at military bases located in deserts which can supply
safe drinking water at a minimal cost, possibly couple of orders of magnitude
lower than that of transported water (Fig. 6.3) (adapted from image provided by
Jeffrey McGovern/U. S. Air Force) (Bhushan, 2020).

6.2 Projection of Water Collection Rates in Water
Harvesting

Water collection rates for bioinspired water harvesters are projected and compared
with the collection rates on flat surfaces and living species in deserts (Bhushan
2020). In arid deserts, based on some data presented in Chap. 2, water collection
rates on flat surfaces are on the order of 2 L m−2 day−1 (2 mg mm−2 day−1).
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The source of water is fog and condensation of water vapor mostly in nights. The
bioinspired surfaces covered with conical arrays, based on data presented in
Chap. 4 (Table 4.2), can provide higher collection rates from fog, about an order of
magnitude larger than that of a flat hydrophilic surfaces. This means that bioinspired
surfaces can collect water on the order of 20 L m−2 day−1. These rates will be
supplemented by condensation of water vapor. For an example of water collection of
20 L m−2 day−1, a medium size tower covered with bioinspired surface with a
surface area of 200 m2, water collected would be about 4000 L day−1. If the water
consumption per capita is 50 L day−1 based on Chap. 1 (Table 1.1), a tower can
provide sufficient water for about twenty families with 4 people in each family. The
data are summarized in Table 6.1 (Bhushan 2020).

6.3 Design of Water Harvesting Towers

For scaleup, large 3D towers can be designed for high water collection. Inspiration
was taken from beetles, grass, cactus, and spider silk. Slotted tower surfaces were
selected to reduce swirl by intercepting wind. Figures 6.4 and 6.5 show schematics

Fig. 6.1 Schematic of a water harvesting tower placed in a home for personal use (adapted from
Bhushan 2020)
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of water harvesting towers covered with triangular patterns or conical array,
respectively (Bhushan 2020). In the case of cones, heterogeneous wettability and
grooves are used and are mounted at 45° to benefit from gravitational forces.
Grooves on the ribs are provided to facilitate water flow down to the reservoir.
Water droplets falling on the cones underneath provide cascading effect to accel-
erate fluid flow. In the case of triangular patterns, patterns are placed with tip
pointed outward on the shims oriented horizontally to the vertical ribs. The col-
lected water flows down the grooved ribs to the reservoir. In addition, water dro-
plets will be deposited on the slot edges and will eventually fall down to the
reservoir (Bhushan 2020).

For condensation of water vapor, the cooling process of the cones or shims with
triangular patterns in the towers is provided by the low temperatures in desert
nights. If additional cooling is required, one could take advantage of the renewable
daytime solar energy. In the field, the water harvesting systems will get covered by
dust. They will require filters to keep the active collection area clean. Filters may
require high pressure air, which again can be provided by solar energy. The towers
could be operated with near zero energy (Bhushan 2020).

Fig. 6.2 Schematic of a portable water harvesting tower being dropped by a helicopter in an
emergency zone on an island (adapted from Bhushan 2020)
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6.4 Operational and Maintenance Cost

The operational and maintenance cost needs to be minimum for field use, partic-
ularly for consumer applications. As a reference, the cost of bottled water can range
from US $0.20 to $1.50 in different countries. One liter of desalinated water costs
about 1 cent US. The target for bioinspired designs for consumer applications is less
than 2 cents US. The data is summarized in Table 6.2 (Bhushan 2020). Given that
operating cost for water harvesting tower is negligible and only maintenance cost
exists, the target cost is achievable.

It should be noted that cost sensitivity is dependent upon the application. For
emergency and defense applications, the cost is not an issue. Bioinspired approa-
ches become very attractive.

Fig. 6.3 Schematic of a water harvesting tower placed on a military base in the combat zone in
the desert (adapted from Bhushan 2020)

Table 6.1 Projected water collection rates from fog. These rates will be supplemented by
condensation of water vapor (adapted from Bhushan 2020)

Type of surface Approximate water collection rate
(L m−2 day)

Flat surface in arid desert (Chap. 2) 2

Bioinspired surfaces covered with cones or triangular
patterns (Chaps. 4 and 5)

20a (�10 increase)

aA medium size bioinspired tower with a surface area of 200 m2 can collect 4000 L day−1
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6.5 Scaleup and Commercialization Issues

Significant investments are needed for scale up designs, technology transfer and
product launch. Major innovation prizes have a long record of spurring innovation
in private, public and philanthropic sectors (Bhushan 2015). They have potential to
facilitate quantum jump in technologies by attracting investors across the spectrum
including those out-of-discipline. Although total investments by various competi-
tive teams may be several fold they also only pay for success. In 2016, X-Prize
Foundation announced US $1.75 M Water Abundance XPrize, a two year com-
petition to develop energy-efficient technologies that harvest water from thin air.
The goal was to develop a water harvesting device that can deliver 2000 L of water
per day at a cost of no more than 2 cents US using only renewable energy. In Oct
2018, the Skysource/Skywater Alliance was awarded a grand prize of US $1.5 M.

Fig. 6.4 Schematic of a bioinspired water harvesting 3D tower covered with triangular patterns
(adapted from Bhushan 2020)
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Fig. 6.5 Schematic of a bioinspired water harvesting 3D tower covered with conical array
(adapted from Bhushan 2020)

Table 6.2 Water collection
costs for various approaches
(adapted from Bhushan 2020)

Water collection approach Approximate cost (L−1)

Bottled water (for reference) US $0.20 to $1.50

Desalination 1 cent US

Bioinspired design target 2 cents US (achievable)
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Chapter 7
Bioinspired Water Desalination
and Water Purification Approaches
Using Membranes

As discussed in Chap. 1, 97.5% of water is saline water, therefore water desali-
nation is increasingly important in some parts of the world. However, water
desalinization remains an energy intensive process and prohibitively expensive. In
addition, water contamination from human activity affects clean water supply.
Water purification from all contaminants is important (Brown and Bhushan 2016;
Bhushan 2018).

For water desalination and water purification, a commonly used commercial
technique is reverse osmosis. Normally, if two aqueous solutions with varying
solute concentrations are placed either side of a semipermeable membrane, water
will move through the membrane from a region of low solute concentration to a
region of higher solute concentration in an attempt to equalize the concentrations,
Fig. 7.1 (Brown and Bhushan 2016). This process is known as osmosis and the
tendency for a solution to take in water is defined as the osmotic pressure. In reverse
osmosis (RO), external pressure is applied to overcome this osmotic pressure,
preventing the flow of water into the region of higher solute concentration.
Additional pressure above the osmotic pressure will instead cause water to move
into the region of lower solute concentration. The requirement for this applied
pressure means that separation via a RO membrane can be energy intensive, con-
suming at least 2 kWh m−3 (Lee et al. 2011), whereas the theoretical minimum
energy required for desalination should be around 1 kWh m−3 (Elimelech and
Phillip 2011). This excess pressure is due to the low permeability of the membranes
involved. A membrane with low water permeability will require additional applied
pressure, above that required to balance the osmotic pressure in order to result in
reasonable water fluxes (Elimelech and Phillip 2011).

For water purification from various contaminants, various techniques are used,
including adsorbents such as activated carbon (Pollard et al. 1992), biomaterials
(Crini 2005), and zeolites (porous minerals) (Wang and Peng 2010) to remove
organics from wastewater (Brown and Bhushan 2016). However, adsorbents are
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inefficient due to contaminant removal and regeneration of the adsorbent.
Ultraviolet (UV) treatments have been used for water purification (Shannon et al.
2008; Li et al. 2019).

Micro- and nanoporous membranes are commonly used for separation of salt as
well as contaminants (Brown and Bhushan 2016). There are two mechanisms that
dictate water transport through a membrane, both of which can occur together. One
mechanism is solution-diffusion, where water molecules dissolve into the membrane
and diffuse through the membrane to desorb from the other side. Another mechanism
is pore flow, where the size of the pores is smaller than the contaminant being removed
(Sengur-Tasdemir et al. 2016). Microporous membranes are typically made of
polymers and ceramic materials. Nanoporous membranes are typically made of gra-
phene (Surwade et al. 2015) or etched silicon (Cavallo and Lagally 2010).

Porous materials are classified into three main categories depending upon their
pore size. A summary of the various pore sizes, including solutes that can be
targeted in this size range, examples in nature, and their bioinspired equivalents is
provided in Fig. 7.2 and Table 7.1 (Brown and Bhushan 2016). Microporous
materials contain pore diameters <2 nm, which are required for desalination. Ocean
water (and other water sources) also contains many contaminants other than salt
which are typically many orders of magnitude larger than the inorganic ions found
in salt. When salt removal is not required, membranes with larger pores would
likely be sufficient for these applications. In addition to separation applications,
ordered macroporous (pore diameters 2–50 nm) or mesoporous (pore diameters
>50 nm) materials could also find use in ion exchange (Davis 2002), catalysis
(Taguchi and Schüth 2005) and battery technology (Esmanski and Ozin 2009).

Fig. 7.1 Two water purification approaches—osmosis and reverse osmosis. In osmosis, water
travels across a semipermeable membrane to equalize solute concentrations. In reverse osmosis,
external pressure is applied to prevent water from traveling into regions of higher solute
concentration. Additional pressure, instead, causes water to travel into regions of lower solute
concentrations (adapted from Brown and Bhushan 2016)
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Living nature provides examples of membranes with higher separation rates and
permeabilities than man-made equivalents. A steel wire mesh or nanofibrous
polymer membrane can be coated with bioinspired material, which allows water

Fig. 7.2 Comparison of length scales of target solutes, natural porous materials, and bioinspired
porous materials (adapted from Brown and Bhushan 2016)

Table 7.1 Examples of target solute, natural materials, and bioinspired equivalents sorted by
membrane pore size (adapted from Brown and Bhushan 2016)

Pore size Target solute Natural porous material Bioinspired porous
material

Macropores
(>50 nm)

Bacteria (0.2–750 µm)
Oil emulsions (0.1–10 µm)

Eggshell, bacterial
threads

Carbon nanotubes,
templated silica

Mesopores
(2–50 nm)

Colloidal solids (0.01–1 µm)
Viruses (20–400 nm)
Proteins (2–10 nm)

Surface layer proteins Carbon nanotubes,
self-assembled
block copolymers

Micropores
(0.2–2 nm)

Inorganic ions (0.2–0.4 nm)
Water (0.2 nm)

Aquaporins Carbon nanotubes,
amphiphilic
dipeptides, cyclic
peptides, crown
ethers
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flow but repels organic contaminants, which can be used for water purification and
oil-water separation. These coated meshes can be used for water purification
(Brown and Bhushan 2015, 2016; Bhushan 2018, 2019).

In this chapter, an overview of bioinspired membranes for water desalination and
water purification is presented. Coated steel wire mesh and cotton for oil-water
separation techniques and UV light-stimuli materials for water purification will be
described in Chap. 9.

7.1 Multi-cellular Structures

Bioinspired microporous membranes have been produced by templating techniques
(Brown and Bhushan 2016). One early example is the use of bacterial threads to
form ordered silica macrostructures. This was achieved by Davis et al. (1997) by
first slowly extracting a thread from a culture of B. subtilis, which caused the
multicellular filaments to become aligned into a collection of hexagonally closed
packed cylinders. The thread was then dipped into an aqueous sol comprising
colloidal silica nanoparticles. As the thread was dried, the nanoparticles coated the
thread, after which the organic material was then removed via heating to result in
pore widths of 0.5 µm.

Various other examples of templating membranes are shown in Fig. 7.3 (Brown
and Bhushan 2016). Template mineralization has been performed using the internal
shell of Sepia officinalis or cuttlefish, Fig. 7.3a (Ogasawara et al. 2000). This
cuttlefish bone consists of a highly organized structure comprised of calcium car-
bonate on a chitin framework. By removing the calcium carbonate from the
framework, the chitin can be remineralized using an aqueous sodium silicate
solution. The chitin template can then be removed by calcining. A similar technique
utilized potato starch gels as the template to create silicalite (one of the forms of
silicon dioxide) nanoparticle thin films with hierarchical porosity, Fig. 7.3b (Zhang
et al. 2002). It was found that the pore size could be varied from 0.5 to 50 µm by
altering the amount of starch in the suspension.

A method for creating template metal oxide membranes involved the use of
eggshells, Fig. 7.3c (Yang et al. 2002). Eggshells contain membranes with a
macroporous network of interwoven fibers with typical pore sizes of 5 µm. The
membrane surface consists of amines and carboxylic acid groups capable of
interacting with titania precursors. The eggshell was first dipped in a tetra-n-butyl
titanium solution before being transferred to a propanol/water mixture, resulting in
the hydrolysis and condensation of titania onto the surfaces of the eggshell mem-
brane. After removal of the organic material through heating, a titania porous
network remained. For smaller pore sizes, wood cellular structures have been
combined with surfactant to create hierarchically ordered porous material, Fig. 7.3d
(Shin et al. 2001, 2003). The wood was soaked in a solution containing surfactant
and silicate. The silicate penetrated the cell walls and was hydrolyzed and con-
densed onto the internal structures of the wood. The surfactant was added and
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became incorporated into the silica network, forming nanoporous channels neces-
sary for the evacuation of the organic matter during calcination. It was found that
using different tree samples as the template resulted in different pore diameter,
volume, and surface area. Pore sizes as well as 2.5–3 nm were achieved.

7.2 Aquaporins

Aquaporins are pore-forming proteins found in living cells (Agre et al. 1993;
Brown and Bhushan 2016). These proteins have been found to facilitate a rapid and
selective transport of water while blocking the passage of ionic species. They do so

Fig. 7.3 Summary of various templating techniques for fabricating multicellular-inspired
membranes: a cuttlebone-templated silica featuring a highly organized internal structure (adapted
from Ogasawara et al. 2000), b starch-templated silicalite where pore size is varied by altering the
amount of starch (adapted from Zhang et al. 2002), c eggshell-templated titania featuring
interwoven fibres and typical pore sizes of 5 µm (adapted from Yang et al. 2002), and d wood
cellular-templated silica where changing the species of wood can alter the pore structure (adapted
from Shin et al. 2001; Brown and Bhushan 2016)
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by folding in such a way that they form hourglass shapes, with a pore running down
the center of each. At its narrowest point, the width of the pore is defined by a
certain peptide sequence, which allows different aquaporins to exhibit different pore
sizes. Several clusters of amino acids containing polar side chains create a
hydrophilic surface and, as hydrogen bond acceptors and donors, facilitate transport
of water through the pore, Fig. 7.4 (Verkman et al. 2014).

Bioinspired aquaporin-based membranes exhibit superior water flux and solute
rejection when compared to conventional membranes (Zhao et al. 2012). The
membranes have been fabricated by combining the aquaporin protein (embedded
within amphiphilic molecules, such as lipids) with a polymer support structure
(Habel et al. 2015). Other approaches to fabricate nanoporous structures are being
pursued. Various examples are described next (Brown and Bhushan 2016).

7.2.1 Pore-Forming Molecules

Figure 7.5 shows various techniques to fabricate aquaporin-inspired membranes by
using other molecules that can mimic the pore-forming nature of the proteins
(Brown and Bhushan 2016). Figure 7.5a shows the use of cyclic peptides (Ghadiri
et al. 1993). The ring-shaped peptide consists of eight amino acids with alternating
chirality (D or L) such that all the amide functionalities lie perpendicular to the
plane of the ring. This allows for intermolecular hydrogen bonding between rings
resulting in a tubular structure that was found to reach up to hundreds of
nanometers in length. The alternating chirality also ensures that the amino acid side
groups (R groups) all lie on the outside of the ring structure to result in tubes with

Fig. 7.4 Schematic showing a aquaporin in cell membrane and b top-down view of pore and
surrounding amino acid residues that contain hydrogen bond acceptors and donors to facilitate
transport of water through the pore and act as selectivity filters (adapted from Verkman et al. 2014;
Brown and Bhushan 2016)
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an internal diameter of 0.7–0.8 nm. The authors suggested such structures could
find use in catalysis, electronics, or separations; more recent studies have involved
creating designs more compatible with polymeric membrane processing (Hourani
et al. 2011).

Figure 7.5b shows the use of dendritic (branched) dipeptides that can
self-assemble, either in solution or when cast in a film, into helical pores (Percec
et al. 2004). Unlike the cyclic peptides mentioned above, the pores formed from the
dendritic dipeptides contain amino acid side groups on their interior. This was
found to result in a hydrophobic channel, which is favorable for fast transport of
water with high selectivity. It is also possible to alter the pore structure by replacing
sequences in the dipeptides. For instance, pore sizes can be varied from 0.2 to
2.4 nm by altering the peptide apex or branches. Proton transport measurements
concluded that these pores are functional.

Figure 7.5c shows the use of crown ethers functionalized with ureido groups
(Cazacu et al. 2006). This molecule can self-organize into tubes via hydrogen

Fig. 7.5 Summary of various techniques for fabricating aquaporin-inspired membranes: a cyclic
peptides containing a pore with a 0.7 nm internal diameter (adapted from Ghadiri et al. 1993),
b dendritic peptides featuring hydrophobic side groups within the pore for fast transport of water
(adapted from Percec et al. 2007), c crown ethers where the size of the ring n can be altered
(adapted from Cazacu et al. 2006), and d cyclic arenes, which form hexamers that go on to form a
channel with pores 1.8 nm in diameter (adapted from Negin et al. 2011; Brown and Bhushan
2016)
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bonding of these groups. By changing the number of ether groups within the ring
(n), the pore size can be altered. These molecular channels were found to
self-assemble within an existing lipid membrane, though conductivity studies of
species through the channels gave inconsistent results.

Figure 7.5d shows the use of calixarenes which are cyclic macromolecules
featuring aromatic groups (Negin et al. 2011). These molecules were found to
organize into nanotubes due to the interlocking of the side chains (R groups), to
form a cyclic hexamer featuring six molecules in a doughnut shape. It is these
hexamers that are then found to form the channel, with pore sizes of 1.8 nm.

Pore-forming molecules are typically incorporated into lipid membranes, how-
ever, they may not be robust (Brown and Bhushan 2016).

7.2.2 Carbon Nanotubes

Carbon nanotubes (CNT) have been used to replicate the role of aquaporins
non-biological channels (Brown and Bhushan 2016). Although they are intrinsi-
cally hydrophobic, water transport has been found to be possible through such
confined channels (Hummer et al. 2001). The water transport occurs to the atom-
ically flat walls and the formation of hydrogen bonds between adjacent water
molecules inside the tube both leading to a smooth energetic landscape for water
travelling inside the nanotubes (Corry 2008). Examples of CNTs have been suc-
cessfully utilized as filters for the removal of contaminants of various sizes.

Srivastava et al. (2004) grew aligned multi-walled carbon nanotubes (MWCNT)
on a hollow carbon cylinder through a spray pyrolysis technique with the inner
diameter of the nanotubes of 10–12 nm. The material was found to remove E. coli
(2–5 µm), Staphylococcus aureus (1 µm), and poliovirus (ca. 25 nm) from water.
However, smaller diameters are necessary for blocking inorganic ions. Holt et al.
(2006) grew narrower double-walled carbon nanotubes (DWCNT) on a pitted sil-
icon chip via catalyzed chemical vapor deposition and were encapsulated with
vapor-deposited silicon nitride, Fig. 7.6 (Brown and Bhushan 2016). Reactive ion
etching was used to open the ends of the nanotubes, and size exclusion measure-
ments and transmission electron microscope (TEM) images determined the average
inner diameter of the nanotubes to be 1.6 nm. Despite the small pore size, the
DWCNT membranes were found to have superior permeability compared to con-
ventional polymer membranes. When negatively charged functionality is added to
the entrance of the DWCNTs, the membranes exhibit good ion rejection, a product
of interactions between particle charge and surface charge (Fornasiero et al. 2008).
Fabrication of aligned DWCNTs is expected to be expensive.
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7.2.3 Self-assembled Block Copolymers

In addition to carbon nanotubes, self-assembled block copolymers have been used
to replicate the role of aquaporins (Brown and Bhushan 2016). Self-assembly of
block copolymers occurs due to inherent differences between the constituent blocks,
leading to phase separation. Selection of appropriate conditions (concentration,
solvent, drying times, etc.) can dictate this separation to result in various structures,
including hexagonally packed cylindrical phases (Liu and Ding 1998; Phillip et al.
2010). Selective dissolution or etching of one of the blocks then results in a
microporous structure comprising the remaining polymeric material (Liu and Ding
1998). This technique is able to produce pore sizes of 8–30 nm.

Figure 7.7 shows an example with polystyrene-b-poly(4-vinylpyridine) (PS-b-
P4VP) (Peinemann et al. 2007). The diblock copolymer solution typically com-
prises a dimethylformamide (DMF) and tetrahydrofuran (THF) solvent mixture.
DMF is more selective towards P4VP, while THF is more selective towards PS.
The more volatile nature of THF leads to a concentration-induced phase separation
of the block copolymer resulting in a less swollen PS matrix surrounding highly
swollen, cylindrical P4VP domains. Immersing the drying polymer film into a
non-solvent (in this case water) leads to solvent exchange in the swollen P4VP
domains due to water possessing a higher compatibility for P4VP than DMF. The
water is guided through the interconnected P4VP domains and leads to the solid-
ification of the water-insoluble polystyrene matrix. The eventual shrinkage during
drying of the swollen P4VP domains results in the formation of pores. Size
exclusion experiments determined the pores have an effective diameter of 8 nm,
with an 82% rejection of albumin (Brown and Bhushan 2016).

Fig. 7.6 a Schematic
showing synthesis of aligned
carbon nanotube membranes,
b SEM image of carbon
nanotubes atop silicon
substrate, and c distribution of
pore sizes as determined by
TEM measurements (adapted
from Holt et al. 2006; Brown
and Bhushan 2016)
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7.3 Dual pH- and Ammonia-Vapor-Responsive
Electrospun Nanofibrous Polymer Membranes
with Superliquiphilic/Phobic Properties

Ma et al. (2017) fabricated a dual pH- and ammonia-vapor-responsive membrane
by solution dip-coating an electrospun polyimide (PI) nanofibrous membrane.
PI-based nanofibrous membranes are considered to be one of the most versatile
membrane types due to their excellent mechanical strength, flexibility and stability
and have been widely used. The electrospun PI nanofibrous membranes were
dip-coated in a decanoic acid (DA)-TiO2 mixture and a silica nanoparticles (SNPs)
pre-gel solution, followed by high-temperature annealing. The silica nanoparticles
embedded in the fiber surface increase the membrane surface roughness and hence

Fig. 7.7 Schematic of a block copolymer-based membrane showing nonsolvent-induced phase
separation of polystyrene-b-poly(4-vinylpyridine) from THF/DMF solvent mixture.
Concentration-induced phase separation results in a less swollen PS matrix surrounding highly
swollen P4VP domains. Immersion in water results in solvent exchange within P4VP domains and
solidification of water-insoluble PS matrix. Eventual shrinking during drying of P4VP leads to
formation of pores. SEM of porous block copolymer membrane (adapted from Peinemann et al.
2007; Brown and Bhushan 2016)
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hydrophilicity/hydrophobicity. Figure 7.8 shows scanning electron microscope
(SEM) images of the SNPs/DA-TiO2/PI membrane at various stages of fabrication.

Ma et al. (2017) measured the pH-responsive wettability of the nanofibrous
membranes. The membrane was superhydrophobic/superoleophilic underwater
with acidic conditions (measured at a pH 6.5) but was superhydrophilic/
superoleophobic in basic conditions (measured at a pH 12). They reported that
the surface wettability transition could also be induced by exposure to ammonia
vapor. Due to the tunability of the membrane surface wettability with pH- and
ammonia vapor, this membrane could be used for oil-water separation under var-
ious conditions. Ma et al. (2017) performed oil-water mixture separation experi-
ments at a range of pH and exposure to ammonia vapor. They demonstrated
feasibility of the membranes.

These membranes can be used for oil-water separation and water purification to
remove organic contaminants with high purity.

7.4 Summary

Desalination via reverse osmosis is the most commonly used water purification
technique. Porous membranes being used have poor water permeabilities, requiring
additional applied pressure above that required to overcome osmotic pressure and
achieve reasonable water fluxes. Bioinspired membranes typically include a
channel-forming component, such as carbon nanotubes and self-assembled block
copolymers, Fig. 7.9 (Brown and Bhushan 2016). Many examples can be found to
exhibit higher permeabilities compared to conventional membranes. For instance,
even when added in very small percentages, the incorporation of CNTs or aqua-
porins into commercial RO membranes results in higher water flux and lower costs

Fig. 7.8 SEM images for a the pristine PI nanofibrous membrane with an average diameter of
approximately 300 nm, b PI nanofibrous membrane treated with DA-TiO2 sol and c the PI
nanofibrous membrane treated with decanoic acid (DA)-TiO2 sol and silica nanoparticles (SNPs)
to enhance surface roughness (adapted from Ma et al. 2017)
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(Elimelech and Phillip 2011). However, there are some drawbacks to using CNTs
for water purification. Creating aligned SW/DWCNT via chemical vapor deposition
can be expensive. In addition, the CNTs must be further functionalized if they are to
display the ion rejection efficiencies necessary for desalination and these modifi-
cations may alter or destroy the nanotube walls. Self-assembled block copolymers
offer advantages over CNTs, such as ease of fabrication, there are also some
drawbacks. Currently, the pore size achievable through this method is still quite
large, with pores <2 nm yet to be fabricated (Brown and Bhushan 2016).
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Chapter 8
Selected Oil-Water Separation
Techniques—Lessons from Living
Nature

Species exist in living nature which either attract or repel water in air, and some are
oil repellant underwater. By using nature’s inspiration, porous bioinspired surfaces
can be fabricated which provide a combination of water and oil repellency and
affinity. These surfaces can be used for oil-water separation and water purification
(Bhushan 2018, 2019a, b).

In this chapter, an overview of two species which exhibit superliquiphobicity/
philicity is presented. For oil-water separation, some fabrication approaches for
superliquiphobic/philic porous surfaces are presented.

8.1 Lotus Leaf and Shark Skin
for Superliquiphobicity/philicy

Plant leaves found in living nature are either water repellant or have an affinity to
water (Bhushan 2018). The lotus leaf is known to be super water repellent and is a
model surface for superhydrophobicity (Koch et al. 2008, 2009; Bhushan and Jung
2011; Barthlott et al. 2017; Bhushan 2018). Lotus leaves are found in muddy ponds,
and yet the leaf surface is typically clean. Water droplets falling on the leaf are found
to exhibit high contact angles and a low contact angle hysteresis or tilt angle due to
formation of air pockets (referred to as the Cassie-Baxter state of wetting).
Therefore, droplets roll off the surface, moving easily across the leaf, collecting
debris as they go and keeping the leaf clean for photosynthesis. The superhy-
drophobic nature of the leaf surface is a result of its chemistry and surface roughness.
It is composed of a hierarchical structure of microbumps formed by convex papillae
epidermal cells, covered with 3-D epicuticular wax which self-assemble in the form
of nanotubules, Fig. 8.1a. The nanotubules are made of a hydrophobic wax and,
when combined with the micropapillae, result in a superhydrophobic surface with
low contact angle hysteresis or tilt angle (Bhushan 2018).
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Examples of oil repellency in nature are generally limited to underwater oil
repellency (Bhushan 2018). As mentioned earlier, the top of the lotus leaf is su-
perhydrophobic due to wax nanotubules. However, the underside of the leaf has no
such structures and is superhydrophilic and superoleophilic. When floating on
water, the underside of the leaf is superoleophobic, Fig. 8.1b. In another example,
shark skin is superhydrophilic and superoleophilic in air but superoleophobic
underwater, Fig. 8.2 (Bixler and Bhushan 2012, 2013; Bhushan 2018). Water soaks
into the skin and forms a thin water layer. The oil droplets sit on top of the water

Fig. 8.1 a Surface morphology of a lotus leaf surface and a water droplet on top of the surface
exhibiting high contact angles (adapted from Bhushan 2018) and b droplets of oil underwater
exhibiting high contact angles when placed on the underside of the leaf (adapted from Cheng et al.
2011; Bhushan 2018)
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layer to result in superoleophobicity. It should be noted that the surface is only
superoleophobic underwater and that can be a major limitation in application.

8.2 Fabrication Approaches for Superliquiphobic/philic
Porous Surfaces for Oil-Water Separation

Coated porous surfaces that attract one liquid (-philic) and repel the other liquid
(-phobic) are suitable for oil-water separation. Oils have a lower surface tension
than that of water (Brown and Bhushan 2016a; Bhushan 2018, 2019a, b). It is
therefore possible to design surfaces that repel water but have an affinity for oils.
Inspiration can be taken from the lotus leaf to create hierarchically structured
surfaces with relatively low surface energy, lower than surface tension of water but
higher than that of oil. The low surface energy will make the surface hydrophobic
and the hierarchical roughness will result in a superhydrophobic surface with high
water contact angle and low oil contact angle. Oil-water separation can be achieved
when the coating is applied to a porous substrate (Bhushan 2019a, b). The oil will
pass through the porous structure and water will be collected on the top surface.

Alternatively, a coating with an affinity to water and oil will make the surface
with a combination of superhydrophilicity and superoleophobicity. In a coated
porous surface, water will pass through the porous structure and oil will be collected
on the top surface, providing oil-water separation (Bhushan 2019a, b).

Bioinspired roughness-induced surfaces which attract one liquid and repel the
other liquid have been fabricated by various researchers (Brown and Bhushan
2015a, b; Bhushan 2018; Bhushan and Martin 2018; Chauhan et al. 2019; Li et al.
2019). To fabricate a roughness-induced superhydrophobic/superoleophilic surface,
a non-fluorinated silane layer can be deposited on a surface with hierarchical
roughness. Coated porous structures can be used for oil-water separation with oil
passing through and water being collected on the top surface. To fabricate a su-
peroleophobic/superhydrophilic surface, a fluorosurfactant layer can be used, which

Fig. 8.2 Optical images of water droplet in air and oil droplet underwater for shark skin replicas
(adapted from Bixler and Bhushan 2012, 2013)
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contains a high surface energy head group and a low surface energy tail
group. After deposition, the fluorinated tails segregate at the air interface, resulting
in a low surface energy barrier that repels oils. However, when droplets of water are
placed on the surface, they are able to penetrate down through the tail groups to
reach the high surface energy polar head groups below. The coating therefore
appears hydrophilic while also being oleophobic. Therefore, porous structures
coated with fluorosurfactants can be used for oil-water separation with water
passing through and oil being collected on the top surface.

Re-entrant geometries are used for improved repellency of very low surface
tension liquids. Re-entrant geometries are shapes that have overhanging structures
in which the surface features become narrower at the base (Nosonovsky and
Bhushan 2008; Brown and Bhushan 2016b; Bhushan 2018). These geometries are
necessary for repelling low surface tension liquids, and particularly surfactant-
containing liquids such as shampoos and laundry detergents due to their low tension
components and active groups.

For superoleophilic porous surfaces, after absorbing a certain amount of oil, the
separation efficiency of these surfaces reduces as the filter surface retains oil. In all
superoleophilic porous surfaces, oil contamination is of concern, and porous
materials must be cleaned or replaced are use. Therefore, superoleophobic/super-
hydrophilic porous surfaces are preferred in which the water passes through the
porous material and the oil is repelled. Additionally, water is denser than oil and
tends to sink to the bottom of a mixture, meaning that hydrophobic/oleophilic
materials are not suitable for certain applications, such as gravity-driven separation.

Porous structures commonly used include stainless steel mesh, fabric, filter
paper, sponge, and compressible cotton (Bhushan 2019b). The stainless steel mesh
can have pore size (opening) as low as about 25 µm. Woven cotton fabrics can also
have pore size as low as about 25 µm (Angelova 2012). However, cotton can have
very small pore size (on the order of fraction of 1 µm to about 10 µm) dependent
upon compressibility. Different porous structures are used for separation of different
oil-water mixtures. For immiscible oil-water mixtures, stainless steel mesh is
commonly used. Cotton fabric is also occasionally used. For oil-water emulsions,
the pore size of steel meshes and cotton fabrics is generally too large and com-
pressible cotton is preferred. Cotton fabric can be used in some oil-water emulsions
with relatively large liquid droplets of one liquid dispersed in the other.
Photographs of various porous surfaces are shown in Fig. 8.3.

Unlike absorbent materials, in the coated porous material techniques, both
phases are immediately separated with no additional steps required to remove one
phase from the material. It is envisioned that such a device could be used upstream
of the conventional purification membranes. This ensures that the majority of the
contaminant phase is removed before further purification and processing, resulting
in greater efficiency of the more selective membranes.
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Chapter 9
Bioinspired Oil-Water Separation
and Water Purification Approaches
Using Superliquiphobic/philic Porous
Surfaces and External Stimuli

In water contaminated with oil, oil and water are not soluble or miscible. Oil-water
mixtures present can be divided into immiscible mixtures and emulsions, Fig. 9.1
(Bhushan 2019b). Immiscible oil-water mixtures are common in water contami-
nation and oil spills. Oil-water emulsions are common in some liquid waste. In the
immiscible oil-water mixture, mixtures are somewhat stratified by densities of oil
and water. An emulsion is a type of colloid formed by combining two liquids that
normally do not mix. It is a more intensive mix type in which microdroplets (less
than a micron to a few microns) of one liquid are dispersed in the other. Emulsions
normally require mechanical agitation and the use of emulsifiers (surface-active
agents). Emulsifiers are used to prevent the suspended droplets from coalescing and
breaking up the emulsion. Based on dispersed phases, oil-water emulsions fall into
two types: oil-in-water and water-in-oil emulsions (Kokal 2005; Prince 2012). An
example of an oil-in-water emulsion would be milk and water-based paint. An
example of water-in-oil emulsion would be margarine and mayonnaise.

Oil-water separation techniques are of interest in industrial applications and
important for environmental sustainability. To separate immiscible oil-water mix-
tures, traditional physical methods, such as gravity separation, centrifuge, sedi-
mentation and hydrocyclone separation, are widely used (Rao et al. 2012; Prince
2012; Bhushan 2018). These methods are either time-consuming or energy inten-
sive. For the more complex emulsions, thermo/chemical demulsifiers and elec-
trolytic demulsification methods are commonly used. However, the complexity and
the high energy consumption add to the cost.

For oil spill remediation, various methods are used by the oil industry (Brown
and Bhushan 2016; Bhushan 2018). Toxic dispersants are used in which chemicals
reduce the interfacial tension between oil and water to facilitate the breakup of the
oil into smaller droplets. However, the toxicity and poor biodegradability of both
dispersants and the resulting dispersed oil makes using such chemicals undesirable.
Skimming of the oil from the surface of the water with absorbent booms is another
method of oil removal, however this is dependent upon favorable conditions
including calm waters and slow oil speeds. Other methods for the collection of the
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oil use other absorbent materials such as zeolites and organoclays, or natural fibers
such as straw, cellulose, wool, or human hair. However, many of these materials
also have a tendency to absorb water, which can lower their efficiency.
Additionally, the absorbed oil must be removed from the material, making such
methods incompatible with continuous flow systems (Brown and Bhushan 2016).
An introduction to various oil-water separation techniques commercially used for
oil spill cleanup is presented in Appendix 9.A.

For water purification, separation filters and membranes that repel one liquid
phase while allowing the other to pass through also exist. These are commonly
designed for maximum permeation, at the cost of some degree of selectivity.

Bioinspired superliquiphobic/philic porous surfaces may provide optimum
solutions for oil-water separation and water purification, which are sustainable and
environmentally friendly. In this chapter, a review of various bioinspired approa-
ches for fabrication of superliquiphobic/philic porous surfaces with affinity to water
and repellency to oil or vice versa is presented. Details of fabrication and charac-
terization of superliquiphobic/philic stainless steel mesh, cotton fabrics, and cotton
are presented. Applications of bioinspired oil-water separation techniques to oil
spill cleanup and water purification are discussed. Finally, water purification
technique using ultraviolet (UV) light stimulus is presented.

9.1 Coated Stainless Steel Mesh for Separation
of Immiscible Oil-Water Mixtures

Superhydrophobic/superoleophilic and Superoleophobic/superhydrophilic stainless
steel mesh surfaces having multi-scale roughness with low surface energy coatings
have been developed. In an early example of fabrication of superhydrophobic/
superoleophobic mesh surfaces, only a low surface energy coating was used to repel

Fig. 9.1 Schematics of immiscible oil-water mixtures and miscible oil-in-water and water-in-oil
emulsions (adapted from Bhushan 2019b)

182 9 Bioinspired Oil-Water Separation and Water Purification …



water. A polytetrafluoroethylene (PTFE) emulsion was spray coated onto stainless
steel meshes with various pore diameters (Feng et al. 2004). The resulting coated
mesh was superhydrophobic and superoleophilic with contact angles of about 150°
for water and about 0° for diesel oil. When oil was added to the mesh, it quickly
spread and permeated the mesh and was collected on the other side, while water
added to the mesh remained on top.

Later, bioinspired approaches were developed for fabrication of superhy-
drophobic/superoleophobic mesh surfaces. Brown and Bhushan (2015a, b) used a
nanoparticle/binder layer to create hierarchical roughness by using a so-called,
layer-by-layer technique. The nanoparticles also increase the coating hardness,
resulting in a durable coating. Two polyelectrolyte layers were used to support a
silica nanoparticle layer by electrostatic attraction on a stainless steel mesh surface.
They deposited a silane layer on the top to produce a surface which was super-
hydrophobic and superoleophilic. Bhushan and Martin (2018) used a spray coating
of silica nanoparticles and methyphenyl silicone binder to produce a low surface
energy surface with hierarchical roughness. Both coated mesh surfaces demon-
strated that hexadecane oil goes through the mesh and water is collected on the
top. Both deposition techniques are facile.

Nanda et al. (2019) developed another facile method. They chemically etched
steel mesh to create flower like microstructures, then coated the etched surface with
hexadecyltrimethoxysilane (HDTMS) to produce a superhydrophobic and super-
oleophilic surface. They demonstrated that kerosene-water and n-hexane-water
mixtures can be separated with kerosene or n-hexane going through the filter with a
high separation efficiency.

In an early example of fabrication of underwater superoleophobic surfaces, these
were created by immersing stainless steel mesh into an acrylamide solution. The
acrylamide was polymerized by UV irradiation to form a hydrogel, a water-swollen
polymer network (Xue et al. 2011). When placed underwater, the treated hydro-
philic mesh exhibited oil contact angles of 153° and droplets were found to roll
easily from the tilted surface. When an oil-water mixture was poured onto the mesh,
the water permeated through the mesh while the oil remained on top. Although this
configuration helps to reduce the impact of oil fouling, the fact that the surface is
only superoleophobic underwater limits its application.

Switchable superhydrophobic/superoleophilic and superhydrophilic/underwater
superoleophobic stainless steel mesh and cotton surfaces have been produced by
using photoinduced superliquiphobicity/philicity of TiO2 (Li et al. 2019b). They
developed switchable superliquiphobic/superliquiphilic coating by modifying TiO2

particles with 1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane (PFDMS). They
used UV stimulus and heating to achieve switchability for oil-water separation
applications.

Brown and Bhushan (2015b) created a superoleophobic/superhydrophilic mesh
surface by combining the chemistry of the fluorosurfactant with hierarchical
roughness using the layer-by-layer technique described earlier. Bhushan and Martin
(2018) used the nanoparticle/binder coating with an over layer of fluorosurfactant.
The fluorosurfactant provides oil repellency and water affinity, while the roughness
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enhances these properties to result in oil contact angles of >150° and water contact
angles of <5°. When this coating is applied to a stainless steel mesh and an oil–water
mixture is poured over it, the water penetrates through the mesh while the oil remains
on top and can be easily rolled off by tilting. By inclining the mesh at an angle, the
two liquids can be separated and collected simultaneously. A nanoparticle/binder
composite coating technique is found to work with a variety of substrates with
desired performance (Bhushan and Martin 2018). It requires a minimum number of
processing steps, which is desirable (Martin et al. 2017).

Such superoleophobic/superhydrophilic surfaces represent the ideal scenario for
oil-water separators (Bhushan 2019a, b). Their oil-repellent nature means they are
less prone to oil fouling than devices where the water phase is being repelled. In
addition, their water affinity makes them more compatible with gravity-driven
separation, where the water phase will end up at the bottom of the mixture, or in
scenarios where water is the dominant phase.

Fabrication techniques for superliquiphobic/philic stainless steel meshes and
selected characterization data and their application for oil-water separation will be
presented next.

9.1.1 Fabrication Technique

Schematic of fabrication techniques to produce superhydrophobic/superoelophilic
and superoleophobic/superhydrophilic coatings are shown in Fig. 9.2 (Bhushan
2019b). Coatings consisting of hydrophobic SiO2 nanoparticles and a binder of
methylphenyl silicone resin with or without functional layers to obtain combinations
of superhydrophobic/philic and superoleophobic/philic properties have been fabri-
cated (Bhushan and Martin 2018; Bhushan 2018, 2019a). Methylphenyl silicone
resin binder is commonly selected because it is known to be durable and offers strong
adhesion between the nanoparticles and substrate. Hydrophobic, 10 nm SiO2

nanoparticles are selected because they have high hardness for wear resistance and
high visible transmittance for transparency. For a superhydrophobic/superoleophobic
surface, the nanoparticle/binder mixture is deposited by a spray method on various
substrates. For superoleophobic/superhydrophilic surfaces, the nanoparticle/binder
coating is irradiated with ultraviolet-ozone (UVO) treatment followed by spin/spray
deposition of fluorosurfactant (aqueous anionic fluorosurfactant, Capstone FS-50).

For the coating mixture, 375 mg of hydrophobic silica nanoparticles (10 nm
diameter, Aerosil RX300, Evonik Industries) were dispersed in 30 mL of 40%
tetrahydrofuran (THF, Fisher Scientific) and 60% IPA by volume. This mixture was
sonicated using an ultrasonic homogenizer (20 kHz frequency at 35% amplitude,
Branson Sonifer 450A) for 15 min. Then, 150 mg of methylphenyl silicone resin
(SR355S, Momentive Performance Materials) was added for a particle-to-binder
ratio (p-b ratio) of 2.5 for optimum wettability with highest value of CA and lowest
value of TA. The mixture was then sonicated for an additional 15 min to form the
final mixture. One mL of the coating mixture was deposited via spray gun
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(Paasche®) from 10 cm away with compressed air at 210 kPa. The sample was
transferred to an oven at 70 °C for 5 min to remove the remaining solvent. The
coated surfaces were superhydrophobic/superoleophilic (Bhushan and Martin 2018;
Bhushan 2018, 2019a, b).

For superoleophobic/superhydrophilic surfaces, a fluorosurfactant coating was
applied on top of the nanoparticle/binder coating. To prepare an active surface, the
underlayer was first irradiated using UVO treatment with the samples placed 2 cm
underneath the lamp source for 60 min. The UVO exposure was generated from a
U-shaped, ozone producing, ultraviolent lamp (18.4 W, Model G18T5VH-U,
Atlantic Ultraviolet Co.). It is reported that this lamp puts out a total of 5.8 W of
254 nm light, 0.4 W of 185 nm light, and 1.6 g/h of ozone in ambient conditions.
The lamp was placed in an enclosure and was connected to an electronic ballast
(120 v, Model 10-0137, Atlantic Ultraviolet Co.) in order to provide the proper
electrical conditions (Bhushan and Martin 2018). Next, 1 mL of a fluorosurfactant
solution (Capstone FS-50, DuPont) diluted with ethanol to an overall fluorosur-
factant concentration of 45 mg/mL was spin coated or spray coated onto the sample
(Bhushan and Martin 2018; Bhushan 2018, 2019a, b).

Fig. 9.2 Schematics of fabrication techniques. For superhydrophobic and superoleophilic
surfaces, hydrophobic nanoparticles and methylphenyl silicone binder is applied to provide
nanoroughness. For superhydrophobic and superoleophilic surfaces, nanoparticle/binder coating is
treated by ultraviolet-ozone light to activate the surface and then fluorosurfactant is deposited as
the last step (adapted from Bhushan 2019b)
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9.1.2 Characterization of Coated Glass Surfaces

Characterization data of nanoparticle/binder coatings with and without fluorosur-
factant on glass substrates is presented. The glass substrate is a commonly used
substrate in scientific studies.

9.1.2.1 Surface Morphology

To study surface morphology, scanning electron microscope (SEM) and atomic force
microscope (AFM) images of a superoleophobic coating on glass substrates were
taken, Fig. 9.3 (Bhushan and Martin 2018). SEM images show the multi-scale
roughness structure of the coating. From the AFM measurements, root mean square
(RMS) roughness of the coating was about 1 lm with a Peak-to-Valley (P-V) dis-
tance of 5.5 lm.

The coating thickness was obtained by measuring the step height of the coating
deposited on part of the substrate. The measured coating thickness at particle-to-
binder (p-b) ratio of 2.5 was about 3 lm.

Fig. 9.3 SEM and AFM images of superoleophobic coating with an optimum p-b ratio of 2.5 on a
glass substrate (adapted from Bhushan and Martin 2018)
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9.1.2.2 Wettability

Contact angles and tilt angles were measured using a standard automated goniometer.
Optical images and measured contact angle (CA) and tilt angle (TA) values for water
and hexadecane droplets on the glass substrate and with two coatings are shown in
Fig. 9.4 (Bhushan and Martin 2018). Untreated glass has a water CA of 55 ± 2° and
a hexadecane CA of 27 ± 1°. By applying the coatings to these substrates, super-
hydrophobic/superoleophilic and superoleophobic/superhydrophilic properties were
obtained. The nanoparticle/binder coating resulted in water CA of 165 ± 2°, water
TA � 1°, and wetting with hexadecane. The nanoparticle/binder and fluorosurfac-
tant coating results in wetting with water, hexadecane CA of 157 ± 2°, and
hexadecane TA of 2 ± 1°.

9.1.2.3 Wear Resistance

Wear resistance on the macroscale of the superoleophobic coating on glass sub-
strate was investigated by performing wear tests using a ball-on-flat tribometer
(Bhushan 2013a, b). For the wear test, a 3 mm diameter sapphire ball was slid

Fig. 9.4 Optical images and
measured CA and TA values
of water and hexadecane
droplets on glass substrates
and coated samples to show
repellency and wetting with
the two liquids (adapted from
Bhushan and Martin 2018)

9.1 Coated Stainless Steel Mesh for Separation of Immiscible … 187



against the samples in a reciprocating mode. The test was carried out at 10 mN for
100 cycles. The optical images of the samples after wear experiments showing the
wear track are shown in Fig. 9.5 (Bhushan and Martin 2018). Burnishing of the
coatings was observed. The coating was still able to repel hexadecane over the
burnished region suggesting that the coating was not destroyed.

To study wear resistance on the microscale, the superoleophobic coating was
scanned with an AFM using a 15 lm radius borosilicate glass ball mounted on a
rectangular lever at a normal load of 10 lN over 50 lm � 50 lm region (Bhushan
2017). Figure 9.6 shows AFM images over 100 lm � 100 lm scan area before
and after the AFM wear experiments. After the AFM test, there was no burnishing
of the coating. There was no discernible difference between the surface mor-
phologies of regions before and after wear (Bhushan and Martin 2018).

Fig. 9.5 Optical micrographs after wear experiment using ball-on-flat tribometer using a 3 mm
diameter sapphire ball with 10 mN load on superoleophobic coating. There was slight burnishing
but the coating was still able to repel hexadecane (adapted from Bhushan and Martin 2018)

Fig. 9.6 AFM surface height maps and surface profiles (locations indicated by arrows) before and
after AFM wear experiments with 15 lm radius borosilicate glass ball at a load of 10 lN over
50 lm � 50 lm on superoleophobic coating. After AFM test, there was no burnishing of the
coating (adapted from Bhushan and Martin 2018)
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9.1.3 Characterization of Coated Stainless Steel Mesh
Surfaces for Oil-Water Separation

Stainless steel meshes (#400) were cleaned with acetone and 2-propanol (Fisher
Scientific) until they were found to be hydrophilic. They were then coated with
nanoparticle/binder coating and some with fluorosurfactant coating as well to
produce superhydrophobic/superoleophilic and superoleophobic/superhydrophilic
meshes, respectively.

To study repellency to oil and affinity to water droplets on a superoleophobic/
superhydrophilic stainless steel mesh, droplets were placed on the coated mesh, as
shown in Fig. 9.7. Oil droplets remained on the mesh. The sequence of photographs
of the water droplet on the coated mesh shows that the water droplet spreads
quickly and penetrates through the mesh in a fraction of a second (Bhushan 2019b).

To demonstrate oil-water separation capability in continuous flow systems,
agitated, immiscible oil-water mixtures were poured onto coated stainless steel
meshes suspended horizontally over beakers as shown in Fig. 9.8. In both cases, the
-philic component quickly passed through the mesh, while the -phobic component
remained on top of the mesh. When the mesh was tilted, the -phobic component
rolled across the top of the mesh and was collected in another beaker (Brown and
Bhushan 2015a, b; Bhushan and Martin 2018; Bhushan 2018).

As indicated earlier, the use of oleophobic/hydrophilic coated surfaces is
preferable to using hydrophobic/oleophilic coated surfaces because surface con-
tamination by oil and other oil-based contaminants is common, and the porous
material must then be cleaned or replaced, resulting in a drop in the separation
efficiency.

9.1.4 Applications to Oil Spill Cleanup and Water
Purification

Oil-water separation is of interest in oil spill cleanup and water purification.
Methods commonly used for oil spill cleanup include the use of toxic dispersants to
break up oil globs into smaller droplets, controlled burning which is not
eco-friendly, solvents to soak up oil on contact (very slow method), and skimmer
and booms. An environmentally friendly and fast approach would be to use coated
steel nets that are superoleophobic/superhydrophilic which should allow oil-water
separation in a continuous flow (Brown and Bhushan 2016). Figure 9.9 shows a
schematic of how these bioinspired nets can be incorporated into currently used
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booms on a boat (Brown and Bhushan 2016). When the boat is driven in the oil
spill region, the bioinspired nets will capture the oil, where it can be recovered by
pumping, while allowing water to pass through. These nets can be used repeatedly.

The bioinspired nets can also be used for water purification by removing organic
contamination in water.

Fig. 9.7 Photographs of oil and water droplets on superoleophobic/superhydrohilic stainless steel
mesh. Oil droplet remained on the mesh surface, whereas, water droplet spread quickly and
penetrated through the mesh in a fraction of a second (adapted from Bhushan 2019b)
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Fig. 9.8 Photographs of the superoleophobic/superhydrophilic and superhydrophobic/super-
oleophilic coated stainless steel meshes acting as oil-water separators. On the superoleophobic/
superhydrophilic coated mesh, oil collects on top of the mesh while water passes through. In
contrast, on the superhydrophobic/superoleophilic coated mesh, oil passes through the mesh while
the water remains on the top surface. If the meshes are placed at an angle, oil or water sitting on the
mesh can be collected simultaneously in separate beakers. Red oil and blue water dyes were used
to enhance contrast (adapted from Brown and Bhushan 2015b; Bhushan and Martin 2018)
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9.1.5 Summary

For fabrication of superliquiphobic/philic surfaces, the nanoparticle/binder coating
method is attractive due to its ease of deposition, flexibility in substrate application,
and desirable properties. The nanoparticle/binder coating method can be used for
fabrication of superhydrophobic/superoleophobic and superoleophobic/superhy-
drophilic steel meshes for oil-water separation and water purification.

9.2 Coated Cotton Fabric for Separation of Immiscible
Oil-Water Mixtures

In addition to stainless steel mesh, cotton fabric can be used for immiscible oil-
water separation. Superhydrophobicity of cotton fabric is achieved by introducing
multi-scale roughness and coating with low a surface energy material (Bhushan
2018). Treatment of the cotton fabric surfaces is challenging due to the inherent
heterogeneous roughness with low thermal stability. Several methods such as dip
coating (Zeng et al. 2016; Zhu et al. 2017), solution immersion coating (Panda et al.
2018; Chauhan et al. 2019; Tudu et al. 2019), sol-gel based coating (Przybylak
et al. 2016), wet chemical process (Wang et al. 2017), and spray coating (Hsieh

Fig. 9.9 Schematic showing bioinspired nets connected to a boat for oil spill cleanup. When to
boat is driven in an oil spill region, nets will capture the oil, where it can be recovered by pumping,
while allowing water to pass through (adapted from Bhushan 2018)
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et al. 2011) have been used to make cotton fabric superhydrophobic. Physical and
chemical durability has been a concern. Chauhan et al. (2019) reported that wet-
tability was maintained after physical and chemical abuse and demonstrated high
durability. Chauhan et al. (2019) fabricated superhydrophobic cotton fabric by
simple immersion in non-fluorinated hexadecyltrimethoxysilane (HDTMS) solu-
tion. Their coating repelled oils with surface tension as low as 47.70 mN m−1

(ethylene glycol). Tudu et al. (2019) fabricated superhydrophobic cotton fabric by
simple immersion in perfluorodecyltriethoxysilane (PFDTS) solution. Their coating
repelled oils with surface tension as low as 27.05 (hexadecane). Both Chauhan et al.
(2019) and Tudu et al. (2019) demonstrated that coated fabric can be used for oil-
water separation as long as surface tension of oil in the mixture was low enough
that it wetted the coated surface.

A facile fabrication technique and selected characterization data for superhy-
drophobic/superoleophilic cotton fabric and their applications for oil-water sepa-
ration will be presented next (Chauhan et al. 2019).

9.2.1 Fabrication and Characterization Techniques

To fabricate superhydrophobic cotton fabric, as received treated cotton fabric was
cleaned ultrasonically to remove wax and other impurities with distilled water and
ethanol for 30 min and subsequently dried at 70 °C for 1 h. A 5% (v/v) HDTMS
was dissolved in ethanol and stirred for 1 h at room temperature to obtain a
homogeneous solution. Subsequently, cleaned cotton fabric was immersed in
HDTMS solution for 5 h and then dried at 120 °C for 6 h in a hot air oven to
remove the solvent. Finally, it was left in air for drying (Chauhan et al. 2019).

Surface morphologies of as received and treated cotton fabric were examined
with SEM. The wettability of the treated cotton fabric was studied by measuring
contact angles with a 3–5 µL droplet of water and liquids (with surface tension
greater than 47 mN/m) such as tea, honey, milk, and ethylene glycol. Surface
tension values of selected liquids are given in Table 9.1. Chemical stability of the
treated cotton fabric was examined by immersing samples in saline water (3.5% w/v
NaCl) and organic solvents (chloroform, toluene, and dimethyl carbonate). At
regular intervals of immersion, contact angles were measured to observe any
changes in wettability. A thermal stability test was performed by heating the
samples at various temperatures (120, 140, 160, 180, and 200 °C) for 1 h. After
cooling the samples, the contact angles were measured (Chauhan et al. 2019).

To evaluate the self-cleaning performance, as received and treated cotton fabric
were immersed in muddy water for 10 min. The treated cotton fabric was difficult to
immerse in the muddy water due to the high liquid repellence property, so it was
immersed by application of force. Afterward, the effect of mud on the surfaces was
characterized by photographing samples before and after soaking in mud (Chauhan
et al. 2019).
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For oil-water separation studies, before conducting an experiment, the treated
cotton fabric was dipped in oil (organic solvents). The wetted treated cotton fabric
was placed on top of a funnel. Later, the oil-water mixture was poured onto treated
cotton fabric which repelled the water (blue color) and was collected on its surface
and the oil penetrated the fabric by gravity. Next, n-hexane, kerosene, and ethylene
glycol were used as oils in the oil-water mixtures. Separation efficiency was cal-
culated by dividing volumes of water after the separation process by volumes of
water before the separation process (Chauhan et al. 2019).

9.2.2 Surface Morphology and Wettability

The surface morphologies of as received and treated cotton fabric were observed by
using SEM as shown in Fig. 9.10 (Chauhan et al. 2019). The SEM images show no
significant differences due to the formation of HDTMS monolayers, however, both
surfaces show the hierarchical morphology.

Wettability of as received and treated cotton fabric was examined by measuring
contact angles. Water contact angles and tilt angles are presented in Fig. 9.10. It
was found that as received cotton fabric exhibits superhydrophilic and super-
oleophilic behavior with a contact angle of *0°. After modification of cotton fabric
with HDTMS, it displays water repellency with a water contact angle of 157 ± 2°.
A water droplet easily rolled off with a tilt angle of 7 ± 1°, indicating its super-
hydrophobic and self-cleaning nature (Chauhan et al. 2019).

Images of various liquid droplets on treated cotton fabric are shown in Fig. 9.11
and observations on whether the fabric repels or not selected liquids along with
their surface tension values are presented in Table 9.1. Liquids whose surface
tension is equal to or more than 47 mN/m (tea, colored water, milk, lemon,

Table 9.1 Surface tension values of various liquids and whether superhydrophobic/super-
oleophilic cotton repels liquid or not (adapted from Chauhan et al. 2019)

Liquid Surface tension (mN m−1) Treated cotton repels or not

Water 71.99a Repel

Glycerol 63.40b Repel

Milk 55–60c Repel

Ethylene glycol 47.70a Repel

Kerosene � 30d Does not repel

Benzene 28.80e Does not repel

n-Hexane 18.43a Does not repel
aRumble (2018)
bTakamura et al. (2012)
cChandan (1997)
dSpeight (2017)
eHarkins and Brown (1919)
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turmeric, honey, glycerol and ethylene glycol) show good repellency for the treated
cotton fabric with contact angles more than 150°, revealing the superoleophobic
nature (Chauhan et al. 2019).

9.2.3 Physical and Chemical Durability

Treated cotton fabrics should work indoors as well as in harsh environments such as
high temperature, UV irradiation, acidic/alkaline/organic contact, and washing. The
durability after washing was evaluated by immersing superhydrophobic cotton
fabric into a detergent solution, organic solvent (benzene) and hot water (80 °C),
and then it was ultra-sonicated for 1 h. Afterward wettability behavior of the dried

Fig. 9.10 SEM images of as received and superhydrophobic/superoleophilic cotton fabric. Water
contact angle and tilt angles are also presented (adapted from Chauhan et al. 2019)
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fabric was examined by measuring the contact angle. Data are shown in Fig. 9.12
(Chauhan et al. 2019). It was observed that contact angles of all washed fabrics
remained at more than 150° and water droplets rolled off the surface, exhibiting the
washable nature of the surface without any damage. This test indicates that the
HDTMS-treated cotton fabric maintained wettability properties after washing.

The chemical stability of the treated cotton fabric was examined by immersing
the samples in organic solvents (chloroform, toluene, and dimethyl carbonate) for
7 days and in saline water (3.5% w/v NaCl) for 24 h. After immersion, water
droplets on the surface formed spherical shapes as shown in Fig. 9.13 (Chauhan
et al. 2019). Contact angles were found to remain more than 150°, displaying
superhydrophobic nature. Thus, treated cotton fabric was suitable for organic sol-
vents, as well as the saline water, which is important for industrial purposes.

The thermal stability of the treated cotton fabric was studied by heating the
sample at various temperatures (120–200 °C) for 1 h in a hot air oven. The data are
shown in Fig. 9.14 (Chauhan et al. 2019). The superhydrophobicity, with water
contact angle of 157 ± 2° of the treated cotton fabric, was maintained after heating

Fig. 9.11 Optical images of various droplets (color water, tea, milk, lemon, turmeric, honey,
glycerol and ethylene glycol) on superhydrophobic cotton fabric. Liquid repellency for all liquid
droplets is observed (adapted from Chauhan et al. 2019)

Fig. 9.12 Optical images of water droplets on treated cotton fabric after 60 min washing in
detergent solution, benzene and hot water (80 °C) via ultra-sonication method, showing its
excellent washing ability. Inserts are contact angle images. Water contact angles are also presented
(adapted from Chauhan et al. 2019)
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Fig. 9.13 Optical images of water droplets on treated cotton fabric after immersion in chloroform
for 7 days, toluene for 7 days, dimethyl carbonate for 7 days, and saline water for 12 h. Inserts are
contact angle images. Water contact angles are also presented. Chemical stability is demonstrated
(adapted from Chauhan et al. 2019)

Fig. 9.14 Contact angle of
treated cotton fabric after
heating for 1 h at different
temperatures. Thermal
stability of treated cotton
fabric is demonstrated below
150 °C (adapted from
Chauhan et al. 2019)
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up to 120–150 °C, exhibiting thermal stability of the treated cotton fabric below
150 °C. The contact angle of the cotton was 141° after heating to 160 °C and the
superhydrophobicity turned into hydrophobicity due to the decomposition of the
HDTMS (boiling point, 155 °C) which resulted in the removal of low surface
energy material from the surface (Chauhan et al. 2019).

9.2.4 Self-cleaning Properties

The self-cleaning properties of the treated cotton fabric were examined by
immersing as received and treated cotton fabric into muddy water for 10 min, as
shown in Fig. 9.15 (Chauhan et al. 2019). It was observed that the treated cotton
fabric did not immerse easily in mud and remained floating on the muddy water

Fig. 9.15 Optical images of as received and superhydrophobic cotton fabric before and after
immersion in the muddy water for 10 min, demonstrating self-cleaning property of treated cotton
fabric (adapted from Chauhan et al. 2019)
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surface due to its high water repellence property. Therefore, it was forcefully
immersed into the muddy water. After immersion, as received cotton fabric was
found to be wetted with muddy water and it remained polluted even after cleaning
and drying. On the other hand, treated cotton fabric was fully clean when it was
removed from the muddy solution, showing its excellent self-cleaning property
(Chauhan et al. 2019).

9.2.5 Separation of Immiscible Oil-Water Mixtures

Droplets of water and liquids with a surface tension more than 47 mN/m could not
penetrate through the superhydrophobic cotton fabric surface whereas low surface ten-
sion oils could. Therefore, coated cotton fabric can be used for oil-water separation with
oils having surface tension equal to or less than 47 mN/m. Oil (n-hexane = 18.43 mN/
m), kerosene (*30 mN/m) and ethylene glycol (47.70 mN/m) were used to separate

Fig. 9.16 a Optical images of n-hexane-water mixture before, during, and after oil-water separation
and separation efficiency of n-hexane-water, kerosene-water mixture, and benzene-ethylene glycol
mixtures, by using treated cotton fabric. Water was dyed blue color to visualize the difference
between oil and water mixture. b Separation efficiency with three mixtures was about 99% (adapted
from Chauhan et al. 2019)
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from their mixtures. All mixtures consisted of a 1:1 ratio. Figure 9.16a shows optical
images of n-hexane-water mixture before, during, and after oil water separation
(Chauhan et al. 2019). It can be seen that oil is separated by its own gravity. After
separation, no water trace (blue color) is visible within the penetrated oil (n-hexane),
showing excellent oil-water separation efficiency. Separation efficiency of oil-water
(n-hexane-water and kerosene-water) and oil liquid (benzene-ethylene glycol) mixture
was measured and is presented in Fig. 9.16b. It was found to be about 99%. After a few
cycles, the separation process became slow due to adsorption of the oil on the cotton
surface. Afterward, oil adsorbed cotton fabric was cleaned with acetone and water. It was
found that the cleaned cotton fabric showed a contact angle more than 150° and could be
reused for the oil-water separation process (Chauhan et al. 2019).

9.2.6 Summary

Superhydrophobic cotton fabric was produced by using a simple immersion tech-
nique in non-fluorinated HDTMS solution (Chauhan et al. 2019). Treated cotton
fabric exhibited repellency with water and liquids with surface tension equal to or
more than 47 mN/m, such as tea, honey, glycerol, ethylene glycol and milk.
Wettability was maintained after machine washing in detergent solution, benzene
and hot water at 80 °C, after immersion in chloroform, toluene, and dimethyl
carbonate, and in saline water, as well as exposure to high temperature (*150 °C).
The treated cotton exhibited self-cleaning properties. Treated cotton fabric could
separate the oil from its oil-water (n-hexane-water, kerosene-water) and oil-liquid
(benzene-ethylene glycol) with high separation efficiency of about 99%.

9.3 Coated Cotton for Separation of Oil-Water Emulsions

The mesh-based materials with opposite wettability towards oil and water are used
in separating immiscible oil-water mixtures. Separation efficiency is dependent
upon the pore size. The mesh-based materials are impractical for separating
emulsions, because the microdroplets dispersed in emulsions can easily pass
through the mesh whose apertures are larger than about 25 µm. To separate
emulsions, one of the effective approaches is to decrease the pore size of the
substrates. Attempts have been made to accomplish the separation of emulsions by
selecting specially-made mesh or membrane substrates whose pore sizes are several
micrometers (Gao et al. 2014; Zeng et al. 2016). The efforts of decreasing the pore
sizes resulted in some success in emulsion separation, but were not efficient for
separation of immiscible oil-water mixtures with high flux.

To separate both immiscible oil-water mixtures and emulsions, a compressible soft
material which has small pore structures would be desirable. The use of cotton makes

200 9 Bioinspired Oil-Water Separation and Water Purification …



it possible to separate immiscible and emulsified mixtures. A superhydrophobic/su-
peroleophilic 3D porous structure with fine pore size was used to separate oil from
immiscible oil-water mixtures as well as from water-in-oil emulsions (Liu et al. 2019).
However, a porous structure of this kind is easily contaminated and the pores become
blocked by oil. Li et al. (2019a) developed superoleophobic/superhydrophilic cotton
for oil-water separation. The coated cotton provided oil-repellency and water-wetting
behavior in ambient atmosphere. It was capable of separating both immiscible
oil-water mixtures and oil-in-water emulsions. Since the cotton pores do not get
blocked by oil, this approach is attractive.

A facile fabrication technique and selected characterization data for superoleo-
phobic/superhydrophilic cotton and their applications for oil-in-water separation
will be presented next (Li et al. 2019a).

9.3.1 Fabrication and Characterization Techniques

9.3.1.1 Fabrication Technique

The fabrication process is shown in Fig. 9.17a (Li et al. 2019a). Fluorosurfactant
and hydrophilic Al2O3 nanoparticles were mixed in an ethanol solution with a
magnetic stirrer and functionalized nanoparticles were formed by the attachment
between the fluorosurfactant and Al2O3 particles in the process. Next, the cotton
fibers were coated with the functionalized nanoparticles. The cotton fibers get
attached to nanoparticles and fluorinated chains with low surface energy arranged at
the air interface, as shown in Fig. 9.17b.

To determine an optimum concentration of fluorosurfactant, wetting properties
were measured as a function of various concentrations. It was found that there was
no effect on the superoleophobicity and superhydrophilicity when the concentration
of the fluorosurfactan in ethanol solution was higher than 30 mg mL−1. To prepare a
fluorosurfactant-ethanol solution with a concentration of 40 mg mL−1, 2 g fluoro-
surfactant (CapstoneTM FS-50, Dupont) was dissolved in a 50 mL ethanol solution
followed by 30 min of magnetic stirring. To determine the optimal concentration of
Al2O3 nanoparticles, the superoleophobicity (contact angles and tilt angles of hex-
adecane droplets) of treated cotton was investigated by varying the Al2O3 concen-
tration from 20 to 100 mg mL−1. They found that the contact angle of hexadecane
remained around 150° when the concentration was higher than 20 mg mL−1,
whereas, the tilt angle was fairly high when the concentration was higher than
80 mg mL−1 or lower than 40 mg mL−1. The lowest tilt angle occurred at the
concentration of about 60 mg mL−1. Therefore, 3 g Al2O3 nanoparticles (30 nm,
Aladdin Bio-chem) were added into the aforementioned solution so that the Al2O3

concentration was 60 mg mL−1. The solution was magnetic stirred for another
20 min to improve mixing to produce a paint-like suspension (Li et al. 2019a).

Next, a piece of pristine cotton (*0.5 g, Aladdin Bio-chem) was initially
washed with ethanol and deionized water in succession, followed by 40 min of
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vacuum drying at 60 °C. The cotton then was immersed in the suspension and
ultrasonically cleaned for 20 min before being dried at atmospheric pressure at
80 °C (Li et al. 2019a).

9.3.1.2 Preparation of Emulsions

To prepare emulsions, diesel fuel (surface tension *25.05 mN m−1) and hexade-
cane oil (surface tension *27.05 mN m−1) were selected as the dispersed phase,
and TWEEN60 (MW 1131, Aladdin Bio-chem) was selected as an emulsifier.
TWEEN60, fuel or oil and deionized water were mixed in a ratio of 1:10:100 by
volume. Each solution was mixed with an ultrasonic homogenizer for 3 h. All
emulsions appeared to be stable for more than 20 h under atmospheric conditions
(Li et al. 2019a).

Fig. 9.17 a The fabrication technique of the superoleophobic/superhydrophilic cotton, and
b chemical attachment of fluorosurfactant to cotton (adapted from Li et al. 2019a)
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9.3.1.3 Wettability

Wettability was determined by measuring contact angles and tilt angles of the liquid
droplets on the treated cotton. The droplet volume used was about 5 µL. Selected
liquids of scientific and engineering interest were deionized water, diesel fuel, and
octane, hexadecane, and dichloroethane oils. Their surface tension data is presented
in Table 9.2.

9.3.1.4 Separation Method of Immiscible Mixtures and Emulsions

To separate immiscible oil-water mixtures by a gravity-driven method, the treated
cotton and a stainless steel mesh (#300) used as a support was pressed together
between two glass tubes. The gap between the tubes was then sealed by silicone
sealant (Silco RVT-4500). The combination was then set above the beaker with the
cotton side up. For gravity driven separation, an immiscible oil-water mixture was
poured into the top tube and the water penetrated the treated cotton and fell into the
beaker (Li et al. 2019a).

For separation of emulsions, superoleophobic/superhydrophilic cotton (*1 g)
was pushed into an injector barrel as tightly as possible and the density of the
compressed cotton was measured to be about 0.28 g cm−3. An oil-in-water emul-
sion was poured into the barrel, as shown in Fig. 9.18 (Li et al. 2019a). During the
separation, water will wet and penetrate the compressed cotton, while the micro-
droplets of oil will be rejected.

A 500 ml of emulsion feed was used for measurement of flux and separation
efficiency of oil-in-water emulsions. The oil content in the feed and filtrate was
measured by a total organic carbon analyzer. The dispersion images of the emul-
sions were taken and the separated flux was calculated by dividing the volume of
the separated emulsion divided by the product of the sectional area of the injector
barrel and the time of the separation process. The efficiency of the emulsion-
separation process was calculated by dividing the difference between concentrations
of oil in the emulsion feed and filtrate, divided by the concentration of the oil in the
emulsion feed (Li et al. 2019a).

Table 9.2 Surface tensions, contact angles, and tilt angles of liquids on superoleophobic/
superhydrophilic cotton (adapted from Li et al. 2019a)

Liquid Surface tension (mN m−1) Contact angle (°) Tilt angle (0°)

Deionized water 71.99a Wetted Wetted

1, 2-Dichloroethane 31.86a 153 ± 2 4 ± 1

Hexadecane 27.05a 154 ± 2 4.5 ± 1

Diesel 25–29 153 ± 2 5.5 ± 1

Octane 21.14a 152 ± 2 4 ± 1
aRumble (2018)
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9.3.2 Surface Morphology and Wettability

The surface morphology of the cotton was characterized by SEM and the images
are shown in Fig. 9.19 (Li et al. 2019a). The fibers in the treated cotton were
covered by the agglomerated fluorinated Al2O3 nanoparticles. Overlapping dis-
tributed fibers as well as the nanoparticles constitute a multi-dimensional roughness
in both macro and micro scales. This multi-scale structure plays a dominant role in
providing superoleophobicity and superhydrophilicity (Bhushan 2018). Surface
roughness of the pristine and treated cotton was measured by using laser scanning
confocal microscopy. The root mean square roughness, Rq, is presented in
Fig. 9.19. Treated cotton is rougher than the pristine cotton.

To assess the superoleophobicity and superhydrophilicity of the treated cotton,
contact angles and tilt angles of fuel, oil and water were also measured. Data are
summarized in Table 9.2 (Li et al. 2019a). Images of droplets of various liquids on
the treated cotton are shown in Fig. 9.20a (Li et al. 2019a). Diesel fuel and various

Fig. 9.18 The schematic of
the injector barrel for
separation of emulsions. The
treated cotton is pushed into
the injector barrel and
compressed as tightly as
possible (density is about
0.28 g cm−3), then the
emulsions is poured into the
barrel (adapted from Li et al.
2019a)
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Fig. 9.19 SEM images of pristine and treated cotton with the roughness data (adapted from Li
et al. 2019a)

oils with different surface tensions were repelled by the treated cotton without
sticking or wetting. On the other hand, water droplets wetted and permeated the
cotton upon immediate contact with the fibers. The hexadecane oil droplets were
even able to slide freely on the treated cotton with low contact angle hysteresis,
which demonstrated the oil repellent behavior of the treated cotton as shown in
Fig. 9.20b (Li et al. 2019a).

9.3.3 Separation of Oil-Water Mixtures

9.3.3.1 Immiscible Oil-Water Mixtures

The treated cotton could separate many immiscible oil-water mixtures by a simple
gravity-driven pouring method. Figure 9.21 shows that the water, dyed blue,
continuously passed through the cotton and hexadecane, dyed red, was restrained
on the surface without any penetration. This treated cotton is expected to be
superior to superhydrophobic/superoleophilic materials during which the material is
easily blocked by viscous oil.

9.3.3.2 Oil-in-Water Emulsions

The superoleophobic/superhydrophilic cotton could also be used for the separation
of oil-in-water emulsions due to its superoleophobicity and superhydrophilicity.
A schematic of separation of oil-in-water emulsion is shown in Fig. 9.22 (Li et al.

9.3 Coated Cotton for Separation of Oil-Water Emulsions 205



Fig. 9.20 a Optical images of water and oil droplets on treated cotton showing superoleopho-
bicity and superhydrophilicity of the treated cotton. b Successive images of the hexadecane droplet
sliding on the treated cotton. A droplet of hexadecane was pushed on the cotton and was slid from
left to right before detachment (adapted from Li et al. 2019a)

Fig. 9.21 Gravity-driven separation of immiscible oil-water mixture (adapted from Li et al.
2019a)
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2019a). For separation of oil-in-water emulsions, the continuous water phase easily
wets the superhydrophilic fibers and permeates the cotton, whereas, the continuous
water phase as well as the wetted fibers on the top surface form an obstructive layer
towards oil and thus the micro oil droplets were rejected at the surface of the
compressed cotton. Since the oil droplets do not stick on the cotton surface, the oil
should not block the pores of the compressed cotton.

To test the separation properties, optical micrographs of the emulsion feed and
filtrate, before and after separation were taken, as shown in Fig. 9.23 (Li et al.
2019a). Diesel-in-water and hexadecone-in-water emulsion s were used as emulsion
feeds. The figure shows that oil droplets were randomly dispersed in both emulsion
feeds, while there were no droplets detected in the filtrates after separation.

To quantify the separation properties, the separated flux and the separation
efficiency were measured, as shown in Fig. 9.24 (Li et al. 2019a). High separated
flux was observed which varied from 520 to 650 L m−2 h−1. The separation effi-
ciency was higher than 98% for continuous separation of both diesel-in-water and
hexadecane-in-water separation. High efficiency provides a practical approach in
low-cost and effective separation of different stabilized emulsions in both industrial
and domestic areas.

Fig. 9.22 Schematic of separation of oil-in-water emulsion. During the separation, the water
phase wetted and permeated the compressed cotton, and the dispersed oil droplets were rejected
(adapted from Li et al. 2019a)
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Fig. 9.23 Optical images of the emulsion feeds and filtrates before and after separation.
Diesel-in-water and hexadecane-in-water emulsions were used as emulsion feeds

Fig. 9.24 The separated flux and separation efficiency for diesel-in-water and hexadecane-
in-water emulsions (adapted from Li et al. 2019a)
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9.3.4 Summary

A superoleophobic/superhydrophilic cotton was developed by immersion in a solu-
tion of fluorosurfactant and hydrophilic alumina particles in ethanol (Li et al. 2019a).
The treated cotton, which exhibited oil-repellent and water-wetting behavior, can be
used in separating various immiscible oil-water mixtures without oil contamination.
In addition, the treated cotton can also be used for separating oil-in-water emulsions
with high flux and high efficiency without oil contamination.

9.4 TiO2-Based Material Using UV Stimulus for Water
Purification

Materials with switchable wettability have been fabricated by taking advantage of
the photoinduced property of TiO2 based materials. TiO2 nanoparticles can be made
superhydrophobic by bonding them with fluorinated materials and producing a low
surface energy coating with hierarchical structure. During UV irradiation, pho-
toinduction is stimulated and hydroxyl groups (–OH) are generated on the surface
of TiO2 particles. The hydroxyl groups have strong attraction with water which
leads to the superhydrophilicity (and underwater-superoleophobicity). By heating
the coating, the hydroxyl groups are replaced by oxygen in air which leads to
conversion from superhydrophilicity to superhydrophobicity. These materials with
reversible wettability switching between superhydrophobicity/superoleophilicity
and superhydrophilicity/underwater-superoleophobicity, can be used for various
oil-water separation or filtration applications (Liu et al. 2014; Li et al. 2019b).

In addition to photoinduced properties, photocatalysis is another intrinsic
property of TiO2. Both photoinduced and photocatalysis properties can take place
simultaneously on the surface of TiO2 under UV irradiation, with different mech-
anisms. For the photocatalysis process, highly oxidizing radicals are generated on
the TiO2 surface during UV irradiation. These radicals, which can subsequently
degrade contaminants, have applications in liquid purification (Ohama and Van
Gemert 2011). Therefore, TiO2 based materials which include both photoinduced
and photocatalysis properties have found application in liquid purification.

Li et al. (2019b) developed multi-functional, switchable superliquiphobic/
liquiphilic coatings by simply modifying TiO2 nanoparticles with 1H,1H,2H,2H-
perfluorodecyltrimethoxysilane (PFDMS). The coating can be sprayed or dip coated
on various substrates and provides the superhydrophobic/superoleophilic property.
The coating can be rapidly switched between superhydrophobicity/superoleophilicity
and superhydrophilicity/underwater-superoleophobicity by alternating the UV irra-
diation and heating processes. During UV irradiation, the coating can also degrade
contamination in water due to the photocatalytic property of TiO2. Fabrication
technique and selected characterization data for water purification will be presented
next.
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9.4.1 Fabrication Technique of a Switchable
Superliquiphobic/philic Coating

Schematic of fabrication steps are shown in Fig. 9.25 (Li et al. 2019b). For fabri-
cation of the coating, 1.2 g of 1H,1H,2H,2H-perfluorodecyltrimethoxysilane
(PFDMS, 98%, Aladdin Bio-chem) was dissolved in 50 mL ethanol and followed
by a 30 min magnet stirring at ambient temperature. Then TiO2 nanoparticles (P25,
Degussa) with a TiO2/PFDMS mass ratio of 4 were added into the solution and
stirred for another 30 min to form a homogeneous suspension. The suspension can
be sprayed or dip coated on rigid substrates. The coated surface was then dried at
room temperature for 10 min.

Inspired by lotus leaf, low surface energy and hierarchical roughness are two key
factors in fabrication of superhydrophobic surfaces (Bhushan 2018). In this study,
TiO2 particles were bonded by PFDMS, the fluorinated chains in PFDMS provide
low surface energy, while the TiO2 particles in the coating offer a hierarchical
structure to provide superhydrophobicity. The surface morphology of the coating is
shown in Fig. 9.26 (Li et al. 2019b). The hierarchical roughness is observed.

During UV irradiation, photoinduction is stimulated and hydroxyl groups (–OH)
will be generated on the surface of TiO2 particles, Fig. 9.25. The hydroxyl groups
have a strong attraction with water which leads to the superhydrophilicity. During
the heating process, the hydroxyl groups are replaced by oxygen in the air which lead
to a reconversion from superhydrophilicity to superhydrophobicity (Li et al. 2019b).

For switching of the wettability from superhydrophobicity to superhy-
drophilicity, a 30 W UV lamp (254 nm wavelength) was used as the stimulating
source. The coated substrate was irradiated by the lamp with a UV power density of
94 lW cm−2 and 5 cm above the substrate. In order to check the change of wet-
tability, the water contact angle was measured every 2.5 min during irradiation. For

Fig. 9.25 Schematic of fabrication steps of a TiO2-based coating with switchable wettability for
water purification. TiO2 nanoparticles are coated by 1H,1H,2H,2H-perfluorodecyltrimethoxysilane
(PFDMS) which provides the low surface energy for superhydrophobicity. For conversion to
superhydrophilicity, the hydroxyl groups (–OH) are generated on TiO2 during UV irradiation
which lead to superhydrophilicity/underwater-superoleophobicity. The hydroxyl groups can be
removed by a heating process and the coating switches back to superhydrophobicity/
superoleophilicity (adapted from Li et al. 2019b)
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reverse switching of wettability, the coated substrate was heated at 150 °C in air
environment for 80 min (Li et al. 2019b).

9.4.2 Photocatalytic Degradation of Contaminants
for Water Purification

Mechanism of photocatalytic degradation of contaminants is shown in Fig. 9.27 (Li
et al. 2019b). The photocatalytic property of TiO2 nanoparticles was induced by
ultraviolet light whose energy is larger than the band gap (energy difference
between the top of the valence band (VB) and the bottom of the conduction band
(CB)). This resulted in the generation of charge carriers (e− and h+). The electrons
(e−) react with the oxygen in air to generate the superoxide radicals (O��

2 ), while the
holes (h+) can react with water to generate hydroxyl radicals (�OH). Both O��

2 and
�OH have strong oxidizing properties and thereby result in the degradation of
water-soluble contamination (Ohama and Van Gemert 2011). UV irradiation would
also make the surface superhydrophilic. If the substrate is a porous surface, purified
water will pass through the superhydrophilic mesh and can be collected underneath.
The coated surface could then be reheated to realize the superhydrophobic property
for reuse (Li et al. 2019b).

9.4.3 Water Purification Studies

Methylene blue (MB), which is an organic compound often used as a target for
photocatalytic evaluation, was selected as water-soluble contamination. 20 mL of
MB aqueous solution with a concentration of 2 ppm was poured onto the mesh. The

Fig. 9.26 Surface
morphology of the TiO2/
PFDMS coating. The coating
has a multiscale roughness
(adapted from Li et al. 2019b)
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test solution was analyzed by UV spectrophotometer every 4 min to assess the
efficiency of water purification. The purification experiment could be repeated by
reheating the mesh to 150 °C in air environment for 80 min (Li et al. 2019b).

The water purification experiment was carried out using a superhydrophobic/
superoleophilic coated stainless steel mesh (mesh number 300). The schematic of
the water purification process is shown in Fig. 9.28a (Li et al. 2019b). Before UV
irradiation, the contaminated water gets rejected on coated mesh due to the su-
perhydrophobic property. During UV irradiation, soluble contamination in water is
gradually degraded. Meanwhile, the coated mesh switched to superhydrophilic
behavior and the purified water penetrated through the mesh for collection
(Fig. 9.28b). To continue to use the coated mesh for the purification experiment, it
could be heated to switch back to superhydrophobicity. The contaminated water
which is rejected on the mesh before UV irradiation is visibly blue, whereas purified
water which collected in the beaker after UV irradiation is transparent and clear.

To assess the efficiency of water purification, UV spectra of the methylene blue
aqueous solution was measured at different times during the irradiation process, as
shown in Fig. 9.29 (Li et al. 2019b). The peak which corresponded to MB expe-
rienced an obvious drop during the purification process, demonstrating the degra-
dation of contamination.

Fig. 9.27 Mechanism of photocatalytic degradation of contaminants siting on TiO2-based coating
for water purification. The photocatalytic property of TiO2 nanoparticles can be induced by UV
irradiation whose energy is larger than the band gap [the energy difference between the top of the
valence band (VB) and the bottom of the conduction band (CB)]. Hydroxyl radicals (�OH) and
superoxide radicals (O��

2 ) are generated during this process, both of which have a strong oxidizing
property and result into the degradation of water-soluble contamination. The coating could be
reheated to realize the superhydrophobic property for reuse (adapted from Li et al. 2019b)
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The durability of the coated mesh for water purification was studied by repeated
irradiation-heating experiments. The coated mesh was reheated for recovery of
superhydrophilicity after each purification. As shown in Fig. 9.30a, the coated mesh
still maintains a hierarchal rough structure even after six purification cycles, which
demonstrates the durability of the coating (Li et al. 2019b). The UV spectra of the
test aqueous solution at different times during the irradiation process during the
sixth cycle of the purification experiment, is shown in Fig. 9.30b. A continuous
drop of MB is shown in the sixth cycle similar to that in Fig. 9.29. The data
demonstrates the reusability of the coating for water purification.

Fig. 9.28 Schematic of water purification process showing purification of methylene blue
aqueous solution on superhydrophobic/superoleophobic stainless steel mesh. a Photocatalytic
degradation of contaminants occurs by UV irradiation. Pure water passes through the mesh. The
mesh could be reused after heating it up. b The methylene blue in water was degraded during UV
irradiation and transparent purified water flowed down into a beaker (adapted from Li et al. 2019b)
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9.4.4 Summary

A UV-driven switchable superliquiphobic/liquiphilic TiO2 based coating has been
developed by a simple one-pot method. The coating can rapidly switch the wet-
tability between superhydrophobicity/superoleophilicity and superhydrophilicity/
underwater-superoleophobicity by UV irradiation and heating process. Owing to
the photocatalysis property of TiO2, the coated mesh also exhibits ability in on-line
degradation of soluble contaminants in water under UV irradiation for water
purification. For reuse of the coated mesh for water purification, switchable wet-
tability can be used (Li et al. 2019b).

9.5 Closure

Oil contamination can occur during operation of machinery, oil exploration and
transportation, and due to operating environment. Water contamination with various
chemicals is another major concern with growing population and unsafe industrial

Fig. 9.29 The UV spectra of methylene blue aqueous solutions at different times of photodegra-
dation showing the decrease of methylene blue concentration. The inset pictures are the methylene
blue solutions after photodegradation at various times (adapted from Li et al. 2019b)
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Fig. 9.30 a The morphology of coated mesh before and after six cycles of water purification.
b UV spectra of methylene blue aqueous solutions at different times of photodegradation during
the sixth cycle of purification (adapted from Li et al. 2019b)
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practices of waste disposal. Commonly used oil-water separation techniques are
either time consuming, energy intensive, and/or environmentally unfriendly.

Bioinspired superhydrophobic/superoleophilic and superoleophobic/superhy-
drophilic porous surfaces have been developed for oil-water separation which are
sustainable and environmentally friendly. Stainless steel mesh and cotton fabric as
porous materials are used for immiscible oil-water mixtures, and cotton for
oil-water emulsions. In superoleophilic/superhydrophobic porous surfaces, oil
contamination is of concern, and porous materials must be cleaned or replaced.
Therefore, superoleophobic/superhydrophilic porous surfaces are preferred.
Furthermore, for separation of oil-in-water emulsions, only superhydrophobic/su-
peroleophilic porous surfaces can be used. Whereas, for separation of water-in-oil
emulsions, only superoleophobic/superhydrophilic porous surfaces can be used.

Table 9.3 presents a summary of various filtration techniques for immiscible
oil-water mixtures and emulsions with some comments. These filtration techniques
can be used for various applications including oil spill cleanup, emulsion separa-
tion, and water purification.

Table 9.3 Summary of filtration techniques suitable for immiscible oil-water mixtures and
oil-in-water and water-in-oil emulsions (adapted from Bhushan 2019b)

Filtration technique

Mixtures to
be filtered

Porous material and its wettability

Stainless steel mesh/cotton fabric Cotton

Superhydrophobic/
superoleophilic

Superoleophobic/
superhydrophilic

Superhydrophobic/
superoleophilic

Superoleophobic/
superhydrophilic

Immiscible
oil-water
mixture

X X X X

Oil-in-water
emulsion

Pore size may be too large for effective
separation

Continuous phase
(water) does not
penetrate and
dispersed phase
(oil) remains at the
top as well

X
Continuous phase
(water) penetrates
and oil gets
rejected as it
travels through the
thickness of the
porous material

Water-in-oil
emulsion

X
Continuous phase
(oil) penetrates and
water gets rejected
as it travels
through the
thickness of the
porous material

Continuous phase
(oil) does not
penetrate and
dispersed phase
(water) remains at
the top as well

Filtration in immiscible mixture is dependent upon liquid surface tensions. Filtration in emulsion is
dependent upon continuous phase and dispersed phase
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TiO2-based materials using UV light stimulus have also been developed for
water purification.

Appendix 9.A: Introduction to Various Oil-Water
Separation Techniques Commercially Used for Oil Spill
Cleanup

Contamination of ground water and ocean water is of concern. Various industrial
accidents on the ground and offshore occur periodically which lead to water con-
tamination. Table 9.A.1 presents a list of notable offshore oil spills (Brown and
Bhushan 2016). The Deepwater Horizon in the Gulf of Mexico in 2010 was the
largest offshore oil spill in history with some 206 million gallons of oil being
released in the Gulf. In addition, the emergence of fracking in the US, where
water-based fluids (containing sand and chemicals) are injected under high pressure
to fracture rocks for the release of previously inaccessible oil and gas, has led to a
large increase in domestic oil production, Fig. 9.A.1 (Brown and Bhushan 2016).
However, the process has also led to an increase in the amount of oil-contaminated
wastewater. It is estimated that, between 2005 and 2014, some 248 billion US
gallons of water were used for shale gas and oil extraction in the United States
(Kondash and Vengosh 2015). In addition to this large amount of wastewater that
must be processed before release, there is the potential for accidental contamination
of ground and surface water.

Oil contamination occurs as part of routine operation in various industrial
machinery. Examples include industrial lubricating oil effluents in electric trans-
formers, air brakes of commercial vehicle systems, industrial compressors, and
various components in mining and paper manufacturing industries. Oil contami-
nants need to be captured in some applications to maintain efficient operation of

Table 9.A.1 List of notable offshore oil spills (adapted from Brown and Bhushan 2016)

Spill Location Year Amount spilled (million US gallons)

Deepwater Horizona Gulf of Mexico 2010 206

Gulf Warb Persian Gulf 1991 240

ABT Summerc Angola 1991 80

MT Havenc Italy 1991 42

Valdezc Alaska 1989 11

Odysseyc Canada 1988 43

Nowruzb Persian Gulf 1983 80

Castillo de Bellverc South Africa 1983 79

Ixtoc Ib Gulf of Mexico 1979 140

Atlantic Empressc West Indies 1979 88

Amoco Cadizc France 1978 69
aRamseur (2015)
bEtkin and Welch (1997)
cITOPF (2015)
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Fig. 9.A.1 Schematic of the fracking process. High pressure fluid (typically water, sand, and
chemicals) is pumped underground, creating fissures and releasing previously inaccessible pockets
of oil and gas, which are then removed along with the fluid. Leaks of contaminated fracking fluid into
groundwater are possible from the fracture zone, the well, and flowback water storage containers.
Inset: US crude oil production. Increase in production from 2010 is due to emergence of fracking,
primarily occurring onshore in the lower 48 states (adapted from Brown and Bhushan 2016)

machinery and avoid environmental impact. Separating of oil from industrial
wastewater is of interest to allow water re-use.

Finally, removal of oil and other organic contaminants from water for human
consumption is critical. This is particularly important in the parts of the world with
high contamination levels and limited water resources.

Oil spills cleanup and separation of oil from water for industrial re-use and
human consumption remains an important environmental challenge. Various
methods are commercially used for oil spill cleanup (Dave and Ghaly 2011; Fingas
2011; Brown and Bhushan 2016).

9.A.1 Dispersants

Dispersants are chemical compounds that reduce the interfacial tension between oil
and water to promote the breakup of oil globs into smaller droplets. Dispersants are
toxic and harmful to marine life, as well as expensive, and they decrease
biodegradability of the oil (Nwaizuzu et al. 2015). Dispersants are sometimes are
used to prevent oil from getting to the shore, however, oil that has been treated with
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dispersants that does get to shore will sink deep into the ground where it cannot
easily be degraded or captured. Lastly, dispersants can cause oil to sink where it is
both harder to capture, and slower to degrade due to the lower temperature.

9.A.2 Controlled Burning

Controlled burning is another method of disposing of oil. It is quick and effective;
however, burning release a large amount of greenhouse gases as well as toxic
compounds. Burning must be done far away from population centers to prevent
health effects of the toxic gases released. To burn effectively, there must be at least
3 mm of oil on the surface of water.

9.A.3 Sorbents

Sorbents or sponges are materials that will soak up oil on contact, Fig. 9.A.2.
Absorbent materials include zeolites, organoclays, or natural fibers such as straw,
cellulose, wool, or human hair. The absorbent materials often are non-selective,
absorbing both oil and water, lowering their efficiency (Zhu et al. 2011; Bayat et al.
2015). They also can sink when saturated with oil, making it difficult to recover.
After, sucking up oil, sorbents would either have to be thrown away or cleaned,
making them incompatible with continuous processes. This method is very slow
and is not suitable for cleanup of large surface area.

Fig. 9.A.2 Photograph of the sorbent sucking up oil spill (adapted from Bhushan 2018)
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Fig. 9.A.3 Schematics of various configurations used in boom deployment (adapted from Fingas
2011)
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9.A.4 Skimmers

Skimmers are floating devices that “skim” oil off the surface. Figure 9.A.3 shows
three different forms of oleophilic surface skimmers and their oil collection wells.
Their efficiency is dependent upon favorable conditions including calm waters and
slow oil speeds. They are prone to clogging with trash in the water and cannot be

Fig. 9.A.4 Schematics of the principles of three different forms of oleophilic surface skimmers
(adapted from Fingas 2011)
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used in rough water. In the case of absorbent belt skimmers, the collected oil needs
to be physically removed from the surface during oil removal. If the oil is not
removed, surfaces could become fouled, making recycling of the surfaces
impossible.

9.A.5 Booms

Booms are long floating objects that can be dragged across the water to corral oil
and prevent it from spreading. Figure 9.A.4 shows various configurations used in
boom deployment.

To sum up, various methods used today, use toxic chemicals which are envi-
ronmentally unfriendly or slow and tedious requiring significant time and expense.
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Chapter 10
Closure

Access to a safe water supply is a basic human right. Fresh water sustains human
life and is vital for human health. Water availability depends upon the amount of
water physically available, and whether it is safe for human consumption. Some of
the arid regions of the world lack adequate safe drinking water. It is estimated that
about 800 million people worldwide lack basic access to drinking water (WHO/
UNICEF 2017; Bhushan 2020). This means that they cannot reach a protected
source of drinking water within a total walking distance of 30 min. About
2.2 billion people (nearly a third of the global population) do not have access to a
safe water supply, meaning no drinking water on the property that is available at all
times and free of contamination. Almost half of people drinking from water from
unprotected sources live in sub-Saharan Africa. Women and girls regularly expe-
rience discrimination an inequalities in the rights of safe drinking water.

Over 2 billion people, representing nearly one third of the world live in countries
experiencing high water stress, meaning that water resources consumed are not
regenerated to the necessary extent by rain or the return of the purified water
(UN 2018; Bhushan 2020). About 4 billion people experience water scarcity during
at least one month of the year (WWAP 2019; Bhushan 2020). Due to climate
change, bad economics, and/or poor infrastructure in some parts of the world, the
number of people experiencing high water stress continues to increase. The
majority of the people affected by water stress live in North Africa, the Middle East,
and South Asia but the people living in North and South America, including the
Southwest United States are also increasingly affected.

Water requirements to meet basic water needs is about 7.5–15 L day−1, typically
50 L day−1 (Bhushan 2020). Water consumption continues to grow worldwide
driven by a combination of population growth, socio-economic development, and
rising demand in the industrial and domestic sectors. Current supply of fresh water
needs to be supplemented to meet future needs.

Roughly 70% of the Earth’s surface is covered by water, however, only 0.79%
(11 quadrillion m3) of all water is found as surface water in lakes and rivers (0.03%)
and groundwater (0.76%) (Bhushan 2018, 2019, 2020). The distribution of this water
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is not uniform across the world, for example, with around 20% found in the North
American Great Lakes. In addition to all water on earth, the earth’s atmosphere
contains about 0.001% of global water (13 trillion m3 or 1.3 � 1016 L). It is found in
the form of clouds, fog, mist, and water vapor. It is a small amount in global terms, but
it is about 3.3% of water in rivers and lakes. It could be a large source to supplement
safe and drinking water supply.

Living nature provides many lessons for harvesting water from the atmosphere.
Plants and animals have evolved species, which can survive in the most arid regions
of the world by water collection from fog and condensation in the night. Before the
collected water evaporates, species have developed mechanisms to transport water
for storage or consumption. These species possess unique chemistry and structures
on or within the body for collection and transport of water. By studying the lessons
from nature (both plants and animals), for example, beetles, cactus, and spider silk,
grass, various surface structures and chemistries can be developed for efficient
water harvesting from fog and condensation.

Bioinspired water harvester can be used for water harvesting from fog and/or
condensation of water vapor for the use of a household or a small community. In
addition, these harvesters can be used in various emergency and defense applica-
tions (Bhushan 2019, 2020). Emergency applications, such as natural disasters,
could benefit for short periods from portable units which could be dropped from air.
The cost of clean water in military bases in a combat zone can be high and water
harvesters become attractive. Various designs for large and portable 3D towers have
been developed.

Bioinspired water desalination and water purification approaches are also dis-
cussed. Desalination of water from the oceans or brackish groundwater is essential
for some parts of the world for water supply. With population growth and industrial
revolution, contamination of water supply is a concern. Living nature provides
examples of membranes for liquid purification. It is hoped that by taking inspiration
from the chemistries and surface structures of these natural species, bioinspired
methods can be created that can improve desalination as well as water purification
from contamination.

Water contamination by human activity and unsafe industrial practices, as well
as population growth continues to increase. Water contamination is one of the
major environmental and natural resource concerns in the twenty-first century,
including North America. Oil contamination can occur during operation of
machinery, oil exploration and transportation, and due to operating environment.
Oil spills occasionally occur during oil exploration and transportation. Water
contamination with various chemicals is also a major concern with growing pop-
ulation and unsafe industrial practices of waste disposal. Commonly used oil-water
separation techniques for oil-spill cleanup are either time consuming, energy
intensive, and/or environmentally unfriendly. Bioinspired superhydrophobic/su-
peroleophobic and superoleophobic/superhydrophilic surfaces have been developed
which are sustainable and green or environmentally friendly. Bioinspired oil-water
separation techniques can be used to remove oil contaminants from both immiscible
oil-water mixtures and oil-water emulsions. Coated porous surfaces with an affinity
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to water and repellency to oil and vice versa are commonly used. The former
combination of affinity to water and repellency to oil is preferred to avoid oil
contamination of the porous substrate. Oil-water emulsions require porous materials
with a fine pore size. Recommended porous materials include steel mesh and cotton
fabric for immiscible oil-water mixtures and cotton for oil-water emulsions.

Bioinspired approaches are attractive to develop materials and surfaces in an
environmentally friendly and sustainable manner to supplement water supply and
remove contamination.
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