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Introduction

At the phenomenal moment of conception, all of us had a deceptively large one hundred thousand nanometer
(100,000 nm) waistline. However, this seemingly large number becomes obviously small when we translate it
into inches, a more familiar unit of length. The diameter of a fertilized ovum or zygote, which is how we are
classified at conception, is merely 0.00394 inches. Yet, there is incredible complexity embedded within this
microscopic structure. Designs for every component and process in the body are contained within this seed.
An astounding number of water molecules, barely 0.3 nm each, are destined to comprise the fluid medium in
which these magnificent components and intricate processes interact.

Inviting students to peer into the invisible world of cells, organelles, molecules, atoms, ions, and various
chemical substances is often met with disinterest and resistance. It is a challenge to get students to buy into
subject matter that they cannot see or connect to their other senses. Chemistry is an intimidating subject for
many students. Yet, an entire realm of fascinating and indispensable phenomena exists on this minute
structural level. We have to figure out effective ways to capture our student's attention and inspire them to
appreciate science.

One of the primary reasons for teaching this unit is to foster a basic understanding of nanotechnology and its
applications in the field of chemistry, as it relates to water pollution and purification. Nanotechnology, the
study of the properties and processes of matter on the 1 to 100 nm level of structural organization, is an
emerging science that offers teachers and students an opportunity to learn about matter from a unique
perspective. I am particularly interested in guiding my students through an investigation of the quality of
drinking water, as well as the applications of nanotechnology to water purification.

There are multiple reasons to be concerned about the quality of our drinking water. I recently watched a
fascinating documentary about the decaying infrastructure of our nation's water supply. The movie entitled
Liquid Assets made me keenly aware of the potential dangers of our antiquated water delivery system. Most
citizens are unaware of this impending crisis. Yet, the forecast for clean drinking water in the near future is
bleak. By 2025, our thirst for clean water could very well be the cause of global conflicts, societal strive, and
even wars over this valuable natural resource. 1
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Goals & Objectives

Fortunately, there are national and I suspect international initiatives to address this growing concern for clean
water. The Presidents Council of Advisors on Science and Technology (PCAST) predicts that by 2020
nanotechnology will contribute to areas such as water purification, medical diagnostics, targeted drug
therapies, and better solar cells. 2 An assortment of industries, have already developed marketable products
based on the science of nanotechnology. Transparent zinc-oxide-based sunscreen, scratch resistant
automobile paint, and stain-resistant clothing are a few examples. Also, there is promising research being
conducted at Yale University, in the biomedical engineering lab of my seminar leader Mark Saltzman, on
targeted drug therapy for cancer patients.

Through this curriculum unit, I plan to explore the current method of municipal water purification in my city
and discuss the nanotechnology applications for clean water. The intended outcomes of this unit are: for
students to design an operational table of relative scale to compare exponential terms to corresponding
metric prefixes (See activity 1); to compute various measures of concentration (e.g. ppb and ppm); to analyze
water quality in their community (See activity 2); and to produce a NanoArt! project that informs their peers
about various applications of nanotechnology for clean water (See activity 3).

In order to accomplish these goals, I am going to integrate nanotechnology applications for clean water into
my introduction to Chemistry which covers: Scientific Method, Metric System, Dimensional Analysis, Atomic
Structure, Periodic Table, and Electron Configuration. I think my students will understand the structure of an
atom or molecule better, when they see the connection between metrics and size. Also, I think it is important
to clarify through mathematical calculations, the units of concentration used to determine water quality.
Furthermore, I believe deep learning occurs when students experience knowledge in a way that is relevant to
their goals in life.

Engaging students in community change has far reaching benefits that not only support but also extend
beyond academic achievement. Students who participate in community endeavors become better connected
to their schools and neighborhoods. By focusing on real environmental health issues, students have the
opportunity to develop critical thinking and problem-solving skills which fosters their ability to make better
decisions about their impact on the environment. 3

My previous seminar leader John Wargo extolled, "knowledge to the people is power for the people."
Presenting students with a conceptual framework to help them understand size and scale, the basic functions
of atoms and molecules, and some emerging applications of nanotechnology will provide them with requisite
knowledge. Guiding students in the development of pertinent questions about direct (i.e. personal) concerns
of water quality, as well as indirect (i.e. global) concerns about water quality, will enhance their sense of
power to make a difference in society.
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Rationale

After energy, the second major problem facing global society is the availability of clean water. In order to
address this concern, intelligently and cooperatively, members of society must be well informed. In my
opinion, scientists have an obligation to provide society with the most accurate data on issues of public
concern. Science educators have a social responsibility to teach students and their parents about the impact
of this relevant data on their lives. We cannot neglect even those students and parents, who invoke negative
stereotypes because of their apathy and belligerence.

Although most students will not become scientists or engineers, they have inalienable rights which guarantee
their pursuit of happiness. Along with these privileges comes the responsibility to participate in the democratic
process. A functionally illiterate populace can be swayed by propaganda campaigns designed by irresponsible
corporations, and delivered through various media enterprises by politicians backed with corporate financing.

One of the many challenges we face as science teachers is to help our students build understanding by doing.
The National Science Education Standards suggest, for example, that students work as real scientists in the
classroom. At the very least, all citizens must be able to read and comprehend science-based articles in the
popular press or on the internet, in order to decipher and interpret politically charged rhetoric concerning
science related issues. 4

My purpose for teaching this unit is to inspire students, colleagues, and members of the community to
transcend divisive constructs preventing us from working together to improve our society. As a Chemistry and
AP Environmental Science teacher at Open High School (OHS) in Richmond, Virginia, I have designed
experiential learning activities for students to be the change they want to see on the planet, as Gandhi
espoused. For example, two years ago (Summer 2008) I developed a curriculum unit that compelled my
students to evaluate their plastic consumption.

Built on the premise of self-governance and a sense of community, OHS accepts students who represent a
wide range of achievement potential. However, we expect all students to demonstrate commitment to service
learning. The vast majority of our students are African-American (93%) and slightly more than half qualify for
free and reduced lunch. Like most teenagers, they make many decisions based on conditioned responses. For
instance, the majority of them consume tap water and bottled water without considering any potential risks.
They probably have never investigated the quality of either source. Hence, I contend it is essential to facilitate
a learning experience that empowers students to analyze the relative quality of drinking water in their
community.

Content

Overview

The growing concern about the quality of our drinking water suggests the need for accurate information about
what constitutes clean water and what needs to be done to insure everyone has access to it. Water has a
broad impact on health, food, energy, and economy (Savage, p xxxi). 5 In the United States, the explosion of
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bottled water consumption is a strong indicator of consumer distrust for municipal water (i.e. tap water).
Living systems cannot survive without clean water. So, what can be done to improve the technology
municipalities have to provide clean water to consumers? Let's begin with a brief discussion about the
chemical properties of water.

Water Chemistry

As a chemical compound, water is simply two atoms of hydrogen joined to one oxygen atom. Though water
covers our world, more than ninety seven percent is salty. Two percent is fresh water locked in snow and ice,
leaving one percent for us. This "precarious molecular edge on which we survive," as Barbara Kingsolver says
in the April 2010 issue of National Geographic, will only grow more precarious. The tremendous challenge and
responsibility to provide clean water will become critical within the next decade in both developed and
underdeveloped nations.

All of the molecular interactions in biological systems are profoundly influenced by water. Two interrelated
properties of water, polarity and cohesiveness, are especially important in biological systems. Water is a polar
molecule due to its triangular shape and asymmetrical distribution of charge. The oxygen nucleus attracts
electrons away from the hydrogen nuclei, which leaves the region around those nuclei with an overall positive
charge. The water molecule is thus an electrically polar structure. 6

Molecules of water have a high affinity for each other. They are highly cohesive. The positively charged pole in
one water molecule tends to orient itself towards a negatively charged region in one of its neighbors. For
example, ice has a highly regulated crystalline structure in which all potential hydrogen bonds are made. On
the other hand, liquid water has a partly ordered structure in which hydrogen-bonded clusters of molecules
are continually forming and breaking up. Hence, each molecule is hydrogen bonded in a ratio of 3.4 to 4.0
neighbors, in liquid water compared with ice. 6

Water is a highly interactive molecule because of its polarity and hydrogen-bonding capacity. These properties
make water an excellent solvent for polar molecules. Water greatly weakens the electrostatic forces and
hydrogen bonding between molecules competing for their attractions. The effects of water on hydrogen
bonding between a carbonyl group (O=C) and an amide group (NH) is a noteworthy example. The hydrogen
atoms of water can replace the amide hydrogen group as hydrogen donors, and the oxygen atoms of water
can replace the carbonyl oxygen as the acceptor. Hence, a strong hydrogen bond between a CO and an NH
group forms only if water is excluded. 6

Water has an unusually high dielectric constant because of its polarity and capacity to form oriented solvent
shells around ions. These oriented solvent shells generate electric fields of their own, which oppose the fields
produced by the ions. Therefore, electrostatic attractions between ions are markedly diminished by the
presence of water. 6

The way water interacts with oil is interesting. When dispersed oil droplets come together in water, they
typically form a single large oil drop. An analogous process occurs at the atomic level: nonpolar molecules or
groups tend to huddle together in water. These associations are called hydrophobic attractions. In a figurative
sense, water tends to compress nonpolar molecules together. Let us examine the basis of hydrophobic
attractions, which are a major driving force in the folding of macromolecules, the binding of substrates to
enzymes, and the formation of membranes that define the boundaries of cells and their internal
compartments. 6
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Consider the introduction of a single nonpolar molecule, such as hexane (C 6H 14), into some water. A cavity is
created in the water, which temporarily disrupts some hydrogen bonds between the water molecules. The
displaced water molecules reorient themselves to form a maximum number of new hydrogen bonds. However,
this is accomplished at a cost; the number of ways of forming hydrogen bonds in the cage of water around the
hexane molecule is much fewer than in pure water. The water molecules around the hexane molecule are
much more arranged than elsewhere in the solution. 6

Now consider the arrangement of two hexane molecules in water. Do they sit in two small cavities or form a
single larger cavity. The experimental evidence conveys that the two hexane molecules collaborate and
occupy a single larger cavity. This association discharges some of the more ordered water molecules around
the separated hexanes. In fact, the basis of hydrophobic attraction is this enhanced freedom of released water
molecules. Nonpolar solute molecules are forced together in water because water bonds strongly to itself, not
because the hexanes have a high affinity for each other. 6

Water Cycles

Water is a unique liquid; without it, life as we know it is impossible. Among the common compounds, water is
the only one whose solid phase is lighter than its liquid form (it expands by about 8% when it freezes,
becoming less dense). That is why ice floats. If ice were heavier than liquid water, it would sink to the bottom
of the oceans, lakes, and rivers. If water froze from the bottom up, shallow seas, lakes, and rivers would freeze
solid. All life in the water would die, because cells of living organisms are mostly water, and as water freezes
and expands, cell membranes and walls rupture. If ice were heavier than water, the biosphere would be vastly
different from the way it is, and life, if it existed at all, would be greatly altered. 7

Water is essential to life on earth. Humans can survive for more than a month without food, but we can live for
only a few days without water. Two kinds of water are found on Earth: fresh water and salt water. 8 The
world's water supply is located in oceans, the atmosphere, rivers and streams, groundwater, lakes, ice caps
and glaciers. Ninety seven (97%) of Earth's water is in the oceans, the next largest compartment, the ice caps
and glaciers, accounts for another two percent (2%). Both of these sources are generally unsuitable for human
use because of salinity (sea water) and location (ice caps and glaciers). 9

Although it represents only one percent (1%), a small fraction of the water on earth, the water on land is
important in moving chemicals, sculpting landscape, weathering rocks, transporting sediments, and providing
our water resources. 9 Water is a renewable resource because it circulates through a water cycle in which,
molecules travel between the Earth's surface and the atmosphere. 10 This hydrologic cycle transfers water
from the oceans to the atmosphere (by evaporation) to land, in the form of precipitation, and back to the
oceans. 11

When it rains, some of the water flows into lakes, rivers, and streams. The fresh water located in lakes, rivers,
streams, and wetlands on Earth's land surface is called surface water. However, most of the precipitation
percolates through the soil into regions beneath the Earth's surface. The water stored in sediment and rock
formation is called groundwater. Most of the fresh water available for human use is located in this
groundwater under the surface of the Earth. 12

Not surprisingly, this groundwater often contains quantities of other substances. Analyses of many wells and
springs show that the elements and compounds dissolved in groundwater consist mainly of chlorides, sulfates,
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and bicarbonates of calcium, magnesium, sodium, and potassium. Theses substances can be traced to the
common minerals in the rocks from which they were weathered. As might be expected, the composition of
groundwater varies from place to place according to the kind of rock present. 13

In much of the central United States, the water is rich in calcium and magnesium bicarbonates that have been
dissolved from local carbonate bedrock. Taking a bath in such water, termed hard water, can be frustrating
because soap dose not lather easily and a crustlike ring forms in the tub. Hard water also leads to deposition
of scaly crusts in water pipes, eventually restricting water flow. By contrast, water that contains little dissolved
matter and no appreciable calcium is called soft water. With it, we can easily get a nice soapy lather in the
shower. 13

Groundwater flowing through rocks that have high arsenic or lead content may dissolve these toxic elements,
making it dangerous to drink. Water circulation through sulfur-rich rocks may contain dissolved hydrogen
sulfide (H 2S) which, though harmless to drink, has the disagreeable odor of rotten eggs. In some arid regions,
the concentration of dissolved sulfates and chlorides is so great that the groundwater is unusually noxious. 13

Surface water and groundwater interact in many ways and should be considered part of the same resource.
Nearly all surface water environments, such as rivers and lakes, as well as human-constructed water
environments, such as reservoirs, have strong linkages with groundwater. For example, withdrawal of surface
water by diversion from streams and rivers can deplete groundwater resources or change the quality of
ground water. Pollution of groundwater may result in pollution of surface water, and vice versa. 13

Water Quality

Clean water is a resource that we often take for granted. We expect a colorless, odorless, and tasteless liquid
to come from our faucets on every turn. More than one billion people in the world lack access to clean water,
and the severity of the problem increases with time. 14 A clean water supply is essential to our health,
economy, and way of life. The distribution and purification of this vital resource is dependent upon a reliable
infrastructure and proficient water treatment system.

Clean Water Act

In 1969, the Cuyahoga River in Cleveland, Ohio, was so polluted that the river caught on fire and burned for
several days. This shocking event was a major factor in the passage of the Clean Water Act of 1972. The
stated purpose of the act was to "restore and maintain the chemical, physical, and biological integrity of the
nation's water." The goal of the act was to make all surface water clean enough for drinking and swimming by
1983.

The Clean Water Act opened the door for other water-quality legislation. In 1972, the Marine Protection,
Research, and Sanctuaries Act was also passed. This act empowered the Environmental Protection Agency
(EPA) to control the dumping of sewage, wastes, and toxic chemicals in U.S. waters. Other laws were passed
during this period to improve water quality in the United States: the Safe Drinking Water Act (1975), which
introduced programs to protect groundwater and surface water from pollution; the Comprehensive
Environmental Response Compensation and Liability Act (1980); the Water Quality Act (1982); and the Oil
Pollution Act (1990), which could be amended in the near future because of the devastation caused by the BP
oil spill (2010) in the Gulf of Mexico.
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Water Pollution

Water pollution is the introduction of a biological, chemical, or physical substance that, in an identifiable
excess, is known to be harmful to living organisms that depend on the water source for survival. Water
pollution is caused by the sudden or continuing, accidental or deliberate discharge of contaminating
material(s). Water is most often polluted by sewage, extracted fossil fuels, burned fossil fuels, oil spills,
fertilizers, pesticides, erosion, and by-products of manufacturing. Various toxic chemicals have been found in
water (see Table 1):

Compound Toxic Levels (ppm)
Trihalomethane 0.10
Nitrate 10.0
Nitrite 1.0
Silver 0.05
Cadmium 0.005
Mercury 0.002

Table 1: Toxic chemicals that are often found in water, with concentrations that are known to be toxic to
humans. Source: Botkin and Keller, 2005.

In addition to heavy metals, water pollutants include sediment, certain radioactive isotopes, heat, fecal
coliform bacteria, phosphorous, nitrogen, sodium, and prescription drugs, as well as certain pathogenic
bacteria and viruses. Today, the primary water pollution problem in the world is the lack of clean, disease-free
drinking water. More than one-quarter of drinking water systems in the United States have reported at least
one violation of federal health standards. 15

The U.S. Environmental Protection Agency (EPA) has set thresholds, or limits, on water pollution levels for
some (but not all) pollutants. As a result of difficulties in determining effects of exposure to low levels of
pollutants, maximum concentration standards have been set for only a small fraction of the more than 700
identified drinking water contaminants. 15

The traditional foe of water quality is waste from factories and farms, but now environmental regulators are
eyeing a new pollution source: our medicine cabinets. Baylor University researchers found norfluoxetine,
carbamazepine, diphenhydramine, and dialtiazem in fish pulled from Chicago's North Shore: Fish caught
downstream from sewage treatment plants in five U.S. cities contained traces of pharmaceuticals and
toiletries. To assess the risk, the EPA has expanded monitoring to 150 sites, with results due in 2011. 16

Water Toxicology

Small amounts of pollutants or toxins in the environment, such as pesticides are reported in units as parts per
million (ppm) or parts per billion (ppb). It is important to keep in mind that this unit can mean different things;
the ppm or ppb concentration may relate to either volume, mass, or weight. In some toxicology studies, the
units used are milligrams of toxin per kilogram of body mass (1 mg/kg is equal to 1 ppm by mass).
Concentration may also be recorded as percent. For example, 100 ppm by mass (100mg/kg) is equal to
0.01%. 17

When dealing with water pollution, units of concentration for a pollutant may reported in milligrams per liter
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(mg/L) or micrograms per liter (ug/L). A milligram is one-thousandth of a gram, and a microgram is one
millionth of a gram. For water pollutants that do not a cause significant change in the density of water (1g/cm
3 ), a concentration of pollution of 1 mg/L is approximately equivalent to 1 ppm by mass. 17

Water Treatment

There are thousands of potentially harmful substances in our drinking water in even smaller concentrations
than ppm or ppb, and current methods of chemical analysis and toxicity testing cannot determine the long
term effects of small doses ingested every day. The challenges facing water purification facilities in the United
States are multifaceted; there is a greater diversity of chemicals in the water at smaller concentrations,
requiring more efficient, cost-effective, and reliable treatment technologies. 18 Quality standards for drinking
water and water treatment methods must be adapted to meet current contaminant levels. 19

Water for domestic use must be free from constituents harmful to health, such as insecticides, pesticides,
pathogens, and heavy metal concentrations. It should taste good, should be odorless, and should not damage
plumbing or household appliances. In urban areas, water purification occurs at specially designed facilities
that accept municipal sewage form homes, businesses, and industrial sites. The raw sewage is delivered to
the plant through a network of sewer pipes. Following treatment, the wastewater is discharged into the
surface water environment (river, lake, or ocean) and recycled to homes and businesses, or in some limited
cases, used for another purpose such as crop irrigation. 20

The main purpose of standard treatment plants is kill bacteria and other pathogens with chlorine and UV
radiation, and to remove toxic chemicals through sedimentation and filtration methods. Wastewater treatment
methods are usually divided into three distinct categories: primary treatment, secondary treatment, and
advanced treatment. Primary and secondary treatment are required by federal law for all municipal plants in
the United States. 20

How Safe Is Our Drinking Water?

In 1993, 400,000 people in Milwaukee got sick from Cryptosporidium contaminated tap water and 104 citizens
died. Cryptosporidium is a one-celled parasite that can cause a gastrointestinal illness called cryptosporidiosis.
The symptoms are acute and chronic cases of diarrhea, abdominal cramps, fever, and vomiting. Since the
microorganism is only 5 microns in length, 250 of them can fit on the head of a pin. They can slip through
typical water treatment plants and enter drinking water. 21

The highly resistant cyst of Cryptosporidium parvum allows the pathogen to survive various drinking water
filtrations and chemical treatments such as chlorination. Although municipal drinking water utilities may meet
federal standards for safety and quality of drinking water, complete protection from cryptosporidial infection is
not guaranteed. In fact, all waterborne outbreaks of cryptosporidiosis have occurred in communities where the
local utilities met all state and federal drinking water standards. 22

Even though most municipal water supplies are treated according to the Safe Drinking Water Act, millions of
Americans are still wary of drinking tap water. More significant than the threat of bacterial contamination, is
the growing concern over chemical pollutants. There are thousands of chemical compounds in our water. They
originate from industry, agriculture, and consumer homes. Small doses of these chemical combinations are
ingested every day; yet, we do not know what their long term effects will be.
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Landfills are a major source of groundwater contamination. Industrial waste and municipal sewage continue to
make their way into our waterways. Cesspools, septic systems, underground storage tanks, and lawn
treatments (pesticides and fertilizers) all runoff into our water. Even toxic gasoline additives such as MTBE,
seeps into our ground water due to inadequate storage procedures. As if contamination from gasoline,
parasites, pesticides, and fertilizers were not enough; aging pipes, heavy metals, suspected carcinogens and
even radioactive waste have an impact on our water. 22

Obviously, there are numerous reasons to be concerned about the safety of tap water. What are some steps
we can take to make sure our drinking water is safe? First, we can familiarize ourselves with the Department
of Public Utilities (DPU) Annual Water Quality Report to evaluate our water safety record. Second, we can
investigate the effectiveness of various in home water treatment methods, from boiling water to sophisticated
filtration and distillations systems. The most common alternative is to drink bottled water. Yet, this option
raises some challenging questions for consumers.

Every second of every day in the United States, a thousand people buy and open up a plastic bottle of
commercially produced water, and every second of every day in America, a thousand plastic bottles are
thrown away. How many bottles do Americans discard every day (see appendix)? More than thirty billion
bottles a year are thrown away at an enormous cost to consumers. And for every bottled consumed in the
U.S., another four are consumed around the world. 23

Why do we buy bottled water? Is it as safe as tap water, or even safer, as we are often told? What are the
environmental and social consequences of bottled water use for the planet? The beverage industry tells us
that bottled water is just a simple commodity like any other food product, a safe, well-regulated alternative to
tap water. The environmental community tells us bottled water is a corporate conspiracy to privatize a
precious public resource and that it's less safe than our tap water. 23 What is the truth? More importantly,
what can we do as a global society to insure that all living organisms have access to a reliable supply of clean
drinking water?

Nanotechnology: Applications for Clean Water

Access to clean water is a bigger problem for exploited and under industrialized areas than hunger. Within the
next two decades, the average supply of water per person will drop by one third, possibly condemning millions
of people to severe dehydration and avoidable premature death. 24 The design and manipulation of atomic
and molecular scale (nanoscale) materials offers great possibilities for advances in cleaner energy production,
energy efficiency, and water treatment. 25

Iron Remediation

Pioneering research by environmental engineer Wei-xian Zhang of LeHigh University in Pennsylvania, has
shown the potential of iron nanoscale powder that is able to clean up soil and groundwater previously
contaminated by industrial pollution. Iron is one of the most abundant metals on Earth and it just might be the
solution to a trillion-dollar problem stemming from thousands of contaminated sites in the United States. 25

The answer seems to come from the fact that iron oxidizes around contaminants such as trichloroethylene,
carbon tetrachloride, dioxins, or PCBs. These organic molecules are broken down into simple, far less toxic
carbon compounds. Similarly, with toxic heavy metals such as lead, nickel, mercury, or even uranium,
oxidizing iron reduces them to an insoluble form that is locked with the soil, rather than mobilized and
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available to leach into groundwater. 25

Nanoscale iron particles are 10 to 1000 times more reactive than commonly used iron powders. Smaller size
also gives nano-iron a much larger surface area, allowing it to be mixed into a slurry and pumped straight into
the center of a contaminated site, like a giant IV injection. Upon arrival, the particles flow along with the
groundwater, decontaminating the environment as they go. 25 The iron nanoparticles are small enough that
water can carry them into the soil that the water is contaminating. When they react with oxygen in the water,
the iron nanoparticles oxidize into rust — a reaction that helps neutralize contaminants that come in contact
with the particles. 26

Iron particles are not changed by soil acidity, temperature, or nutrient levels. Their size (1-100 nm in diameter
and 10-1000 times smaller than most bacteria) allows them to move between soil particles. Laboratory and
field studies have shown that nanoscale iron particles treatment drops contaminant levels around the injection
well within a day or two and nearly eliminates them with a few weeks, bringing the treated area back into
compliance with federal groundwater quality standards. Results have also indicated that the nanoscale iron
stays active in the soil for six to eight weeks before the nanoscale particles become dispersed completely in
the groundwater and become less concentrated than naturally occurring iron. 27

The quality and effectiveness of iron nanoparticles may vary depending on the lab that makes them. Different
batches may produce deleterious results. For example, one showed that in combination with CCl 4 (carbon
tetrachloride), nanoparticles coated with an iron oxide containing boron turn CCl 4 into chloroform which is
poisonous. On the other hand, nanoparticles coated with an iron oxide containing sulfur turn CCl 4 into
harmless molecules. 28

Center for Biological and Environmental Nanotechnology (CBEN) researchers at Rice University have
developed a reactive membrane from iron oxide ceramic membranes (ferroxanes). Due to iron's unique
chemistry, these reactive membranes provide a platform for removing contaminants and organic waste from
water. Ferroxane materials have even been found to decompose the contaminant benzoic acid. 28

Nanofluidic Carbon Nanotube Membranes: Applications for Water Purification and Desalination

Membranes and filters of all sizes are used to separate various substances. For example, coffee filters remove
coffee grains resulting in a macro particle free cup of coffee and non specific laboratory filters allow students
to separate NaCl from saline solutions. In an demonstration of osmosis, a selectively permeable membrane
permits water to diffuse into a more concentrated solution.

The carbon nanotube (CNT) has firmly established itself as the iconic molecule of nanoscience. A CNT is simply
a nano-meter sized rolled-up atomically smooth grapheme sheet that forms a perfect seamless cylinder
capped at the ends by fullerene caps. It is common to characterize the structure of the nanotube by its rolled-
up vector, called chirality or helicity, which defines the position of the matched carbon rings during the roll-up
of the grapheme sheet. A CNT can have one (as in the case of a single-walled CNT), or several concentric
graphite shells (as in the case of multi-walled nanotubes) and it can reach up to several millimeters in length,
yet retain a diameter of only a few nanometers. 29
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Figure 1: Configurations (i.e. armchair, zigzag, and chiral) of the carbon nanotube. 30

Several methods of CNT production currently exist. In the laboratory environment, catalytic chemical vapor
deposition (CVD) is preferred over other methods such as arc discharge and laser ablation because it
produces higher quality CNTs. CVD reactors can produce individual isolated nanotubes, as well as densely
packed vertically aligned arrays. Unfortunately, the ultimate goal of the CNT synthesis—producing a uniform
population of nanotubes with a given chirality—still remains elusive. Several studies indicated that the size of
the catalyst particle during the growth stage determines the size of the CNT to less than 10 percent; yet
efforts to control the size of the CNTs with greater precision have been largely unsuccessful. Thus,
synthesizing a vertically aligned CNT array with narrow distribution of sizes still remains a difficult endeavor
requiring considerable process development and optimization efforts. 31

Nanotechnology promises to dramatically enhance many water purification technologies However, one of the
key issues related to nanotechnology is the question of how to apply it. Specifically, it is not clear how to
interface nanoparticles with contaminants. At present, many expensive nanoparticles cannot be added to
water like commodity chemicals and some nanoparticles could present new hazards to human health and the
environment. 31

Strategies

Inquiry Based Chemistry

The initial focus of the unit is to engage students in activities that demonstrate the scientific method instead
of simply describing it. Structured activities designed to help students understand the processes that
scientists employ to solve problems, are more effective than just talking about them. For example, the mentos
and coke reaction is an exciting activity that provides students with some interesting problems to solve.
Likewise, using teams organized according to complimentary learning styles, to explore the concept of size
and scale, is much more meaningful than having them memorize prefixes and corresponding exponents.

The key to this unit is for students to realize that they are vortexes between the macroscopic and microscopic
realms. Compared to the Giga scale (10 9 ) they are minute structures; whereas, compared to the nanoscale
(10-9 )they are gargantuan. Consequently, students must be immersed in the metric system and dimensional
analysis in order to master calculations between nanometers, microns, millimeters, centimeters, meters,
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inches, and feet. Once these fundamental topics are covered, then a discussion of atomic structure, chemical
bonding, and the nature of water is vital to complete the conceptual framework for the unit.

After this introduction is complete, various activities that guide students through the important measures of
water quality must be sequentially arranged. Through a series of labs and investigations, students conduct a
variety of tests on tap water, bottled water, and river water, as well as analyze their local water quality data.
They learn how the standards for water quality evolved. Students identify the advantages and disadvantages
of various methods of water purification, as well as some of the potential health problems attributed to the
increasing number of undetected contaminants in drinking water. Most importantly, they begin individual
research on the applications of nanotechnology in water purification.

Since the nature of this topic is so complex, it is important to help students build a solid conceptual
framework. A review of the levels of structural organization (i.e. atoms, molecules, cells, tissues, organs,
systems, organisms, ecosystems, solar systems, etc.) would be helpful. During this discussion of the
relationship between the larger structures in our environment and the world of subatomic particles, have
students develop an operational table of Relative Scale to compare exponential terms to metric prefixes.

In my previous unit, Beyond the Atom: Interpreting the Origins of the Elements there is an activity for
comparing metric prefixes to exponential form In this case however, it is imperative for the students to
illustrate the concept of size and scale using specific examples of different objects on the nanoscale (e.g
viruses, buckyballs, etc.).

STEM + ARTS = STEAM!

Students need more opportunities to connect, collaborate, and create in the classroom. The current trend in
American Education of "high stakes" standardized testing stresses linear, individualistic, and competitive
thinking. There is a fundamental disadvantage to this approach. It limits the ways in which teachers facilitate
learning, because of an over emphasis on cognitive learning at the expense of all other modes of learning.
Consequently, it impairs the development of imagination and creative problem solving.

Aesthetic Education, as practiced by the Lincoln Center Institute (LCI) promotes divergent, holistic, and
cooperative thinking. Through an educational process of aesthetic inquiry, the LCI approach cultivates two
interrelated capacities: receptivity to experiencing any given artwork, and the ability to reflect on that
experience. By cultivating these capacities, the LCI approach helps students develop an inside understanding
of the artistic choices that contribute to any given work of art. 32

What does art have to do with water purification? There is a unique rhythm pulsating through every aspect of
the hydrologic cycle. The movement of water transporting sewage, heavy metals, microbes and other
contaminants through antiquated pipes into the river, evokes images of provocative choreography. While the
lack of clean water available to survivors of hurricane Katrina and the devastating earthquake in oppressed
Haiti produce unforgettable scenes in our minds; droughts in communities throughout the world add painful
feelings as well, which can be passionately dramatized. Just imagine the illustrations emerging from inner
visions to sketch pads or computers of potential graphic artists, comparing the flow of water molecules
through a carbon nanotube to a red blood cell inside a capillary. That's NanoArt!

Students gain practical insights and strengthen core skills that readily apply across the curriculum and
throughout life using various forms of art. Two examples include abstract thinking and problem solving, skills
as relevant to studying a ballet performance as to conducting a Chemistry experiment or solving a
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mathematical equation.

With all due respect to the national initiative to prepare more students for careers in science, technology,
engineering, and math (STEM), we also need to optimize our teaching methods with diverse techniques that
integrate the ARTS, in order to engage students from all backgrounds and learning styles. The pedagogy we
employ to teach science must be creative and culturally relevant to motivate students to pursue advanced
studies in these areas.

Teachers are discovering they can spark students' interest in STEM by getting them involved in STEM clubs.
However, based on the curricular framework of OHS, students must participate in extracurricular activities at
there zone schools. Furthermore, our academic program is devoid of performance arts. Therefore, the crux of
my unit is to integrate the performing arts (i.e. drumming, dance, and drama) into science, an approach I refer
to as 3D Aesthetic Science Education (ASE).

This approach to science education through the arts is designed to expand the students' understanding of
scientific concepts and principles through interpretive performance based activities. As a culminating project
for Nanotechnology and Clean Water, the students will produce a 3D performance to illuminate the issues
surrounding water pollution in their community. In other words, generate some STEAM!

Classroom Activities

The following classroom activities are some prototypes of instructional maps you can use to navigate through
the abstract domain into the realm of interpretation:

Lesson 1: Why Size Matters

Purpose

How large or small are the structures on various levels of organization (e.g. nanoscale)? The goal of this
activity is for students to create a visual interpretation of nanostructures.

Materials

Powers of Ten by Charles and Ray Eames

Directions

After viewing and discussing "Powers of Ten" by Charles and Ray Eames, the students will design An
Operational Table of Relative Scale to compare exponential terms to corresponding metric prefixes and to
illustrate the relationship between specific nanostructures, SI Units for length, and scientific notation.

Evaluation

The final product must contain a table with equivalent values in meters, centimeters, micrometers, and
nanometers (e.g. 1 m = 10 0 m = 100 cm = 1,000,000 um = 1,000,000,000 nm). The range for this
operational table should be from 10 1 m to 10 -9 m. Furthermore, illustrations must be included to show actual
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microscopic structures from the 100,000 nm to 1 nm level of structural organization.

Lesson 2: Waste Water Treatment

Purpose

How safe is our drinking water? The goal of this activity is for students to investigate the quality of drinking
water in their home, school, and community.

Materials

Carolina Wastewater Treatment Kit
Carolina Water Purification Kit
Carolina Water Testing Kits
Department of Public Utilities (DPU) Annual Water Quality Report

Directions

A guided tour of the municipal waste water treatment plant (WWTP) is an integral part of this inquiry based
unit. Initially, students will examine the most current DPU Annual Water Quality Report and formulate
questions to ask scientists during the field trip. Subsequently, students will simulate a WWTP in class, using
the Carolina Wastewater Treatment Kit. They will also investigate the water purification process, and test
various water samples (i.e. tap, bottled, and river), using the Carolina Water Purification Kit and Carolina
Water Testing Kits, respectively.

Evaluation

After their visit, students will develop an interactive presentation to describe the waste water treatment
process to parents and relatives. The final product must summarize the various stages of waste water
treatment in a creative way that involves the active participation of all family members living in the student's
household.

Lesson 3: Bottled or Tap?

Purpose

What are the environmental and social consequences of bottled water use for the planet? The goal of this
activity is for students to produce an Edu~Concert performance, to inform the community about the mounting
environmental and human health concerns associated with bottled water.

Materials

Composition Book
Liquid Assets (see Teacher Resources)
Bottled & Sold (see Teacher Resources)
Indigenous Drums and Percussion Instruments

Directions

After viewing and discussing Liquid Assets, and reading and discussing "Bottled & Sold" by Peter H. Gleick, the
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students will embark on a journey of rhythms from Africa, Brazil, and the Caribbean with a guest artist (i.e.
world percussionist). The students will also explore New World Water by Hip Hop artist Mos Def (see Student
Resources), facilitated by a poet activist. Ultimately, the students will create an original piece of
choreographed spoken word poetry in concert with world percussion orchestration to express the urgency of
the bottled water dilemma in the United States.

Evaluation

The final product must convey the main points of Gleick's position, infusing powerful musical imagery into a
coherent summary. Similarly, the spoken word choreography must reflect the social, political, and
environmental concerns depicted in Liquid Assets. Bottled or Tap must connect to the lives of the participants.

Resources

Teacher Resources

Books

Richard Booker and Earl Boysen, Nanotechnology for Dummies (Hoboken: Wiley Publishing Inc., 2005).

This primer on Nanotechnolgy covers all the basic information on the topic, and is written on a level that students will understand
and possibly even enjoy.

John T. Bonner, Why Size Matters (Princeton: Princeton University Press, 2006).

This is a comprehensive treatise on myriad aspects of size and scale.

Mos Def, New World Water: Student Guide. (Washington: Hip Hop Educational Literacy Program, 2009).

In this song, Mos Def tackles the issues of global warming, pollution, and water conservation, perfect for integration into both
Science and English classes (72 pages with 60 activities).

Joan A. Gallagher-Bolos and Dennis W. Smithenry, Teaching Inquiry-Based Chemistry (Portsmouth: Heinemann, 2004).

Discover how helping your students capitalize on their innate scientific curiosity will lead you to new levels of professional and
personal satisfaction.

Maxine Greene, Variations on a Blue Guitar (New York: Teachers College Press, 2001).

This is an insightful collection of essays on Arts in Education by one of the pioneers in the field of Aesthetic Education.

Shawn Stevens, LeeAnn Sutherland, and Joseph Krajcik, The Big Ideas of Nanscale Science & Engineering: A Guidebook for Secondary
Teachers (Arlington: National Science Teachers Association, 2009)

A manual published by the National Science Teachers Association in collaboration with the National Science Foundation, presenting
nine important concepts in the emerging field of Nanotechnology.
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Linda Williams and Wade Adams, Nanotechnology Demystified: A Self-Teaching Guide (New York: Mc-Graw Hill, 2007).

This comprehensive guide makes Nanotechnology easy to learn, with fully explained answers to problems.

Films

Charles and Ray Eames, The Films of Charles and Ray Eames The Powers of 10. (www.google.com/search:
Amazon.com, 2007).

This famous film transports us to the outer edges of the Universe and back to the nanoworld of a carbon atom.

Mark Cooper, Liquid Assets (www.google.com/search: 2010).

A public media and outreach initiative that seeks to inform the nation about the critical role that our water
infrastructure plays in protecting public health and promoting economic prosperity.

Student Resources

Books

Richard Booker and Earl Boysen, Nanotechnology for Dummies (Hoboken: Wiley Publishing Inc., 2005).

This primer on Nanotechnolgy covers all the basic information on the topic, and is written on a level that students will understand
and possibly even enjoy.

Mos Def, New World Water: Student Guide. (Washington: Hip Hop Educational Literacy Program, 2009).

In this song, Mos Def tackles the issues of global warming, pollution, and water conservation, perfect for integration into both
Science and English classes.

Linda Williams and Wade Adams, Nanotechnology Demystified: A Self-Teaching Guide (New York: Mc-Graw Hill, 2007).

This comprehensive guide makes Chemistry easy to learn, with fully explained answers to problems.

Films

Charles and Ray Eames, The Films of Charles and Ray Eames The Powers of 10. (www.google.com/search: Amazon.com, 2007).

This famous film transports us to the outer edges of the Universe and back to the nanoworld of a carbon atom.

Mark Cooper, Liquid Assets (www.google.com/search: 2010).

A public media and outreach initiative that seeks to inform the nation about the critical role that our water infrastructure plays in
protecting public health and promoting economic prosperity.
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Appendix I State Standards

Virginia Standards of Learning (SOLs) for Chemistry

CH.1The student will investigate and understand that experiments in which variables are measured, analyzed,
and evaluated produce observations and verifiable data. Key concepts include

designated laboratory techniques;a.
safe use of chemicals and equipment;b.
proper response to emergency situations;c.
manipulation of multiple variables, using repeated trials;d.
accurate recording, organization, and analysis of data through repeated trials;e.
mathematical and procedural error analysis;f.
mathematical manipulations (SI units, scientific notation, linear equations, graphing, ratio andg.
proportion, significant digits, dimensional analysis);
use of appropriate technology including computers, graphing calculators, and probeware, for gatheringh.
data and communicating results; and
construction and defense of a scientific viewpoint (the nature of science).i.

CH.2The student will investigate and understand that the placement of elements on the periodic table is a
function of their atomic structure. The periodic table is a tool used for the investigations of

average atomic mass, mass number, and atomic number;a.
isotopes, half lives, and radioactive decay;b.
mass and charge characteristics of subatomic particles;c.
families or groups;d.
series and periods;e.
trends including atomic radii, electronegativity, shielding effect, and ionization energy;f.
electron configurations, valence electrons, and oxidation numbers;g.
chemical and physical properties; andh.
historical and quantum models.i.

Appendix II National Science Education Standards

The central facts, ideas, and skills of Chemistry are clearly mapped within the eight defined categories of
NSES content standards: unifying concepts/processes in science, science as inquiry, physical science, life
science, earth/space science, science and technology, science in personal/social perspectives; and
history/nature of science.

As content, inquiry includes both understanding about scientific inquiry and the abilities needed for students
to do inquiry. Thus both the "knowing about" and "doing" aspects of scientific inquiry are integral parts or
what it means to teach standards-based science content. It is no longer inquiry versus content in the teaching
of Chemistry; it is now inquiry as content (American Chemical Society 2002).



Curriculum Unit 10.05.02 18 of 19

Endnotes

1 Barbara Kingsolver, "Water is Life," National Geographic Vol. 217, No. 4 (April 2010). 36-59.
2 Shawn Stevens, LeeAnn Sutherland, and Joseph Krajcik, The Big Ideas of Nanscale Science & Engineering: A Guidebook for
Secondary Teachers (Arlington: National Science Teachers Association, 2009)
3 Jenny Smith, Education and Public Health (Alexandria: Association for Supervision and Curriulum Development, 2003).
4 Shawn Stevens, LeeAnn Sutherland, and Joseph Krajcik
5 Nora Savage, et. al., eds. Nanotechnology Applications for Clean Water (Norwich: William Andrew Inc., 2009).
6 Lubert Stryer, Biochemistry 3 rd Edition (New York: W.H. Freeman and Company, 1988).
7 Daniel B. Botkin and Edward A Keller, Environmental Science: Earth as a Living Planet 5thEdition (Hobokin: John Wiley &
Sons Inc., 2005).
8 Karen Arms, Environmental Science (Austin: Holt, Rhinehart, and Winston, 2004).
9 Daniel B. Botkin and Edward A Keller
10 Brian J. Skinner, Stephen C. Porter, and Daniel B. Botkin, The Blue Planet: An Introduction to Earth System Science 2nd
Edition (Hobokin: John Wiley & Sons Inc., 1999).
11 Botkin, Daniel B. and Keller, Edward A.
12 Brian J. Skinner, Stephen C. Porter, and Daniel B. Botkin
13 Daniel B. Botkin and Edward A Keller
14 Nora Savage, et. al.
15 Daniel B. Botkin and Edward A Keller
16 Barbara Kingsolver
17 Daniel B. Botkin and Edward A Keller
18 Nora Savage, et. al.
19 Linda Williams and Wade Adams, Nanotechnology Demystified: A Self-Teaching Guide (New York: Mc-Graw Hill, 2007).
20 Nora Savage, et. al.
21 Steve Meyerowitz, Water: The Ultimate Cure (Summertown: Book Publishing Company, 2001).
22 Greg Hannahs, Cryptosporidium parvum: an emerging pathogen,
http://biology.kenyon.edu/slonc/bio38/hannahs/crypto.htm (accessed July 2010)
23 Peter H.Gleick, Bottled & Sold: The Story Behind Our Obsession with Bottled Water (Washington: Island Press, 2010).
24 Nora Savage, et. al.
25 Linda Williams and Wade Adams
26 Richard Booker and Earl Boysen, Nanotechnology for Dummies (Hoboken: Wiley Publishing Inc., 2005).
27 Linda Williams and Wade Adams
28 Richard Booker and Earl Boysen
28 Linda Williams and Wade Adams
29 Nora Savage, et. al.
30 Raju Jaini, e-mail message to Ram Bhagat, August 3, 2010.
31 Nora Savage, et. al.
32 Lincoln Center Institute. LCI's Practice http//www.lincolncenter.org, (accessed July 2008).



Curriculum Unit 10.05.02 19 of 19

https://teachers.yale.edu
©2023 by the Yale-New Haven Teachers Institute, Yale University, All Rights Reserved. Yale National
Initiative®, Yale-New Haven Teachers Institute®, On Common Ground®, and League of Teachers Institutes®
are registered trademarks of Yale University.
For terms of use visit https://teachers.yale.edu/terms_of_use

https://teachers.yale.edu
https://teachers.yale.edu/terms_of_use

