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ONCEL N ORI S e NbAl oA U
CHAPTER

1 Materials in our world

Many of the most significant scientific advancements of civilisation are related
to the discovery, development, production or application of new materials. New
materials are so fundamental to the advancement of technology that entire periods
of history are known by the materials that proliferated in that age. And just as

technological progress is highly dependent on the structure and properties of new - ,»--x/ \3
materials, many of the scientific problems facing society today are the result of -y Y J
the limitations of existing materials. g ’_"

At the end of this chapter, you will be able to identify how the structure of a TN
material affects the material’s properties and, therefore, its uses. Mixi ubstances . B
can produce new materials with different properties. These mixtures % alloys, :

composites and materials containing nanoparticles.

In addition, you will learn how separating and purifying mé n lead to

useful products. A variety of separation techniques use erent properties

of mixed substances to separate and purify those s 8

Science as a human endeavour

« Matter at the nanoscale can be manipulated t e new materials, composites
and devices; the different characteristi nanomaterials can be used to
provide commercially available ptod products are designed on the
basis of properties which are dif?& he bulk material, their use can be
associated with potential risk healthy safety and the environment and this

has led to regulations bei 2d to address new and existing nanoform
materials.

Science und

ances with distinct measurable properties, including
ints, reactivity, hardness and density; or mixtures with

pure substances may be elements or compounds which consist of atoms

of two or more elements chemically combined; the formulae of compounds
indicate the relative numbers of atoms of each element in the compound
differences in the physical properties of substances in a mixture, including
particle size, solubility, density, and boiling point, can be used to separate them
nanomaterials are substances that contain particles in the size range 1-100nm
and have specific properties relating to the size of these particles which may
differ from those of the bulk material

WACE Chemistry ATAR Course Year 11 Syllabus © School Curriculum and Standards Authority,
Government ofWestern Australia, 2014; reproduced by permission
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AREA OF STUDY 1

1.1 Materials science

Materials science is one of the most rapidly advancing areas of science in the world
today. This interdisciplinary field uses chemistry to control the structure of materials
down to the atomic (microscopic) level while utilising physics and engineering to
control the structure of materials at a practical and visible (macroscopic) level. This
gives materials scientists the ultimate control over the properties of materials.

Having control over the structure and properties of materials has led to the
development of new and useful technologies. These technologies can be found in
things you use every day, such as smartphones, LCD screens and even sunscreen.
Today, materials science is also being used to create technologies that were once
thought to be science fiction, such as 3D printers and artificial skin.

MATERIALS

The term material usually describes substances that are used to make objects.
For example, wood, paper and nylon are all classified as materials because they
can be used to create houses, books and clothes; respectively. Substances that are
not considered materials include chemicals such#as hydrochloric acid, chlorophyll
and carbon dioxide. While these are all extremely Useful substances, other objects
are not made out of these substances. ‘Fhetréfore these substances are not usually
classified as materials.

Materials are often mixturesgof many substances—for example, cement or
bitumen. However, materials can alsobe pure elements or compounds.

Elements are substancestthat‘@arefmade up of just one type of atom. This means
they consist of atoms withithe same atomic number (the number of protons in the
nucleus). Pure metals such agygold or silver are examples of elements that are also
materials. Carbon ig"ahyexample of a non-metallic element that forms a variety of
materials suchjas chafcoal, graphite, diamond and even nanotubes.

Compoundsialso®make up a huge variety of materials. Compounds are pure
substances (made, ofPfmore than one type of atom. They consist of more than one
element,in fixed proportions.

"The formula, of a compound indicates the relative numbers of atoms of each
elementiin the compound. For example, silica (SiO,) is a compound made up of
silicon and oxygen atoms and is the main component of beach sand. The compound
contains twice as many oxygen atoms as silicon atoms. Silica is a component of
glass, quartz and gemstones. Calcium carbonate (CaCO,) is another compound
that makes up several different materials. These materials include chalk, limestone
and marble.

The way in which a material is used is determined by the material’s physical and
chemical properties. These properties are special features of the material, such as its
colour, hardness, melting and boiling points, whether it conducts electricity or heat
and how easily the material reacts with other chemicals.

Elements and compounds are pure substances, and therefore their properties,
such as melting point, boiling point and conductivity, cannot be altered. However,
the properties of elements and compounds depend on the arrangement of their
atoms and molecules. The properties of elements and compounds are distinct and
measurable for a given arrangement of atoms or molecules.

Unlike elements and compounds, the properties of mixtures can be changed
depending on how much of each component is added to the mixture. The ability to
control the properties of mixtures makes mixtures very useful materials.

Although there are thousands of different pure materials and countless more
materials that are mixtures, many that we use fall into one of three classifications:
metals, polymers or ceramics.

| ATOMS AND ELEMENTS



Metals

Metals account for around 80% of all known elements and around 24% of the total
mass of the Earth. Only a few metals are naturally found in their elemental metallic
form. These metals, known as native metals, include gold and copper. Most metals
are found as compounds, known as minerals, which make up the ores mined from
the Earth’s crust.

Metals (Figure 1.1.1) are valuable materials due to their useful set of properties
including high tensile strength, ductility, malleability, shiny lustre, high melting
points, and thermal and electrical conductivity.

The characteristic of a metal required for a particular application can often be
improved, or its weaknesses mitigated, by using an alloy of that metal. An alloy is a
mixture of a metal with other metals or small amounts of non-metals. For example,
iron is an abundant and easily worked metal, which in its pure form is relatively soft
and prone to corrosion. If iron is alloyed with other elements, primarily carbon, the
result is a much stronger and corrosion-resistant alloy known as steel.

The key reason for the attractive set of physical properties demonstrated by
metals and their alloys is the nature of the bonding that exists within metals. This
will be examined in greater detail in Chapter 4.

Polymers

A polymer, from Greek poly meaning ‘many’ and mer meaning ‘parts’, is a m@aterial
with a molecular structure that is composed of many repeating smaller units bonded
together. Polymeric materials include plastics, such as polyethylene (@Polyethenge)
and nylon, and rubbers, such as latex. There are both natural polymers, such as
wool, silk and paper (Figure 1.1.2), and synthetic polymers, suchy@s polystyrene.
Polymers present a vastly different set of physical properties compated to metals:
they are less dense and corrosion-resistant, offer excellent.electrical resistance and
polymers of a biological nature offer good compatibility withthuiman tissue.

»

| CHEMISTRY IN ACTION |

3D printing

hnology that started development
nufacture of three-dimensional objects
cessive layers of a material controlled by

3D printing is a rapidly gr
in the early 1980s. It invol
by the deposition or ‘printing’
a computer.

ng area

Initially 3D-printing materials
were limited to various plastics
(Figure 1.1.3), but this has
since improved to include
metals, ceramics and even
biological polymers in the
manufacture of replacement
human tissue. 3D printing
is becoming commonplace
with many consumer-level
3D-printing machines
available, and even a number
of public libraries offering
3D-printing services.

FIGURE 1.1.3 This 3D printer uses an acrylonitrile—
butadiene—styrene polymer to make an object.

FIGURE 1.1.1 An example of different metals
(clockwise from the bottom left): copper,
aluminiwm, zinc, iron and, in the centre, lead

FIGURE 1.1.2 The pages of this book, the cotton
used in clothes and the cell walls of green plants
are all made of the naturally occurring polymer
cellulose.

CHAPTER 1 | MATERIALS IN OUR WORLD 5



FIGURE 1.1.4 A small cylindrical magnet being
levitated above a liquid nitrogen—cooled,

Ceramics

A ceramic is an inorganic, non-metallic solid. Ceramics contain metal, non-metal
and metalloid elements held together by ionic and covalent bonds (these types of
chemical bonding are covered in Chapters 5 and 6). The degree of order within
ceramic materials can range from highly ordered (crystalline) to highly irregular
(amorphous). As with polymers, some ceramics such as kaolinite are naturally
occurring and used to make porcelain, and others are synthetic, such as silicon
carbide used as an abrasive.

As such a wide range of elements and bonding can occur in ceramics, they
demonstrate a wide range of properties, but generally they are hard, have high
compressive strength and are able to withstand high temperatures. Most ceramics
are good insulators while others demonstrate semiconductor and superconducting
properties (Figure 1.1.4).

COMPOSITES

A composite material is a combination of two or more distinct materials with
significantly different physical and chemical pfoperties. The resultant material
demonstrates a range of properties that would besinobtainable by using one of the
individual materials on its own.

Reinforced concrete (Figure 1.1.5), isi@ common example of a composite

superconducting ceramic by the Meissner effect ~ material. It consists of a concrete mafrix with embedded steel bars (rebar). In this

FIGURE 1.1.5 The steel rebar can be seen here
embedded in the concrete structure.

arrangement, the relatively low tensilestrength of the concrete, which is a ceramic,
is counteracted by the high tensile strength of the steel, an alloy, while maintaining
the high compressive strength,of the concrete.

CHEMFILE <

Damascu

Damascus
Middle Eas
remini

pe of steel used for the manufacture of bladed weapons in the
he 17th century. It is characterised by distinctive banding patterns
ing water (Figure 1.1.6). The performance of Damascus steel blades
egendary; they were reputed to be tough, resistant to shattering and

06, a research team in Germany published an investigation into Damascus steel

6

aling a network of nanowires and carbon nanotube reinforcing, formed in the steel
ring the forging process. The presence of these reinforcing fibres to form a composite
material is the likely reason for Damascus steel’s legendary durability.

The knowledge of the forging of Damascus steel was lost in the mid-1700s. Many have
tried to rediscover the original forging methods, but they remain a mystery.

FIGURE 1.1.6 The blade pattern typical of Damascus steel blades

AREA OF STUDY 1 | ATOMS AND ELEMENTS



1.1 Review

» Materials are either pure substances or mixtures.

» The properties of materials determine how they
are used.

* Materials can be mixed to produce new materials
with different properties.

» Alloysare materials made by mixing metals with other
metals or small quantities of non-metals.

KEY QUESTIONS

Polymers are large molecules made of smaller
repeating units.

Ceramics are inorganic, non-metallic solids formed
from a mixture of metal and non-metal elements.
Composite materials are materials made from two
or more different materials, e.g. glass and plastic
to make fibreglass.

1 Whatis a material? 4 What are the typicz 'ph ical properties of a polymer?
2 What are the typical physical properties of a metal? 5 What are the ’@ sical properties of a ceramic?

3 Whatis an alloy?

CHAPTER 1 | MATERIALS IN OUR WORLD
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1.2 Nanotechnology

Chemistry is the study of the structure and behavior of matter, and traditionally
chemists focused on the structure of atoms and the properties of bulk materials
composed of countless molecules. However, there are particles and structures
that fall between these two extreme sizes. These are particles that are larger than
individual atoms, but still smaller than the wavelength of visible light and thus
cannot be viewed even with the most powerful optical microscopes.

At these scales, properties such as the surface area to volume ratio of particles
changes, allowing surface area effects, also known as quantum effects, to become
more pronounced. The impact of these quantum effects can dramatically alter
the properties of a material; for example, turning electrical insulators into
superconductors or making visible substances seemingly invisible.

Nanotechnology is a branch of materials science that investigates the design,
properties and applications of materials produced on this scale.

NANOSCALE

The term nanoscale refers to structures th etween 1 and 100 nanometres

100000 nm across. A nanometre (nm) is one billion tre (10°m). To illustrate this
1 scale, silicon atoms are around 0.2 nang es/across and a human hair is up to
100000 nanometres in diameter (Fig

The problem for scientists in
and techniques designed for w
the development of atomic f
l 6000nm allowed scientists to both

NANOMATER

Nanomateri

manipulate individual atoms.

ubstances, both natural and synthetic, that are composed of
1 the nanoscale. Although there is much discussion about
nthetic nanomaterials, there are numerous examples of naturally
aterials. For example, spider silk, butterfly wings and the bottom of
have fascinating properties as a result of their nanostructure.

100 x 20nm

Opal is a nanomaterial made of tiny spheres of silica. These spheres diffract light to produce
spectacular flashes of red, green and blue. Butterflies also get their coloured patterns from

. Ty nanostructures on the surfaces of their wings.

NI A Y

CHEH BRI R

FIGURE 1.2.1 This scale compares the sizes of
objects down to the nanometre size. (a) The
width of a human hair is approximately
100000 nm. (b) The diameter of red blood cells

is 6000 nm. (c) Tobacco mosaic virus is 100 nm FIGURE 1.2.2 (Top) An opal is made of tiny spherical nanoparticles of silica. (Bottom) The colour

long and 20nm wide. (d) DNA strands are about of a butterfly’s wing is due to nanostructures in the wing.
2nm wide. (e) Silicon atoms are 0.2 nm across.

8 AREA OF STUDY 1 | ATOMS AND ELEMENTS



One naturally occurring nanomaterial that has been a hot topic of research for
scientists over the past two decades is a family of carbon molecules known as the
fullerenes. Fullerenes are three-dimensional structures formed by networks of carbon
atoms. The fullerene that promises a wide range of applications is a cylindrical tube
known as a carbon nanotube (Figure 1.2.3).These nanotubes are formed from a flat,
two-dimensional layer of carbon atoms arranged in hexagons, known as graphene.

FIGURE 1.2.3 Example of different fullerenes: (a) the soccerball-shaped buckyball, (b) the flat
chickenwire, like graphene and (c) the rolled, g¥lidricalhnanotube

Carbon nanotubes have demonstrated exceptional strength and stiffness, finding
use as reinforcement in composite /materials. They also demonstrate interesting
electrical properties and are thetbasis for a range of superconductor research. You
will learn more about graphene and nanotubes in Chapter 7.

Materials on the nanoscale can be fabricated either using top-down or bottom-
up techniques. Each technique is suited to particular applications and presents a
different set of strengths.

Top-down fabrication

Top-down fabrication starts with material of a larger scale than desired. Material is
then either selectively removed or the size of the material is progressively reduced,
by grinding, until the required size and shape is achieved. An analogy for top-down
fabrication would be a sculptor starting with a large block of marble and carving
away pieces until the statue is formed.

Top-down techniques are currently the most commonly utilised methods and are
used to make everything from computer chips to sunscreen. Some of the benefits
of top-down fabrication are that large quantities of material can be produced
relatively cheaply and the product demonstrates a good level of uniformity. Some
disadvantages of top-down fabrication techniques are that they are limited to
relatively simple structures and are limited by the scale of the tools used to remove
material from the starting medium.

CHAPTER 1 | MATERIALS IN OUR WORLD 9



Bottom-up fabrication

Bottom-up fabrication is still in its early stages of development and involves
physically building, or growing, the required material atom by atom or molecule by

| CHEMISTRY IN ACTION | molecule. Individually selected atoms or molecules are successively built up until the
required shape and size of material is formed. An analogy for bottom-up fabrication
Su perhyd I‘OphObiC would be a sculptor joining individual calcium, carbon and oxygen atoms one at a
. time until the statue is formed. In this way, it is very much like existing chemical
Coatl ngS syntheses, but on a nanoscale.
One area of keen interest to scientists is the development of ‘self-assembling’
One developing application nanomaterials. It has already been demonstrated that molecules can be designed to
of nanomaterials is arrange themselves in required shapes and structures, given appropriate conditions.
superhydrophobic coatings. These The advantage of bottom-up fabrication methods is they can be used for far more
are synthetic, nanoscopic, surface complicated structures than top-down methods due to the ability to manipulate
coatings that mimic the behaviour individual atoms or molecules at the nanoscale. A disadvantage of bottom-up
of leaves from the lotus plant, fabrication methods is they do not scale up to commercial levels efficiently and thus
which trap an imperceptible layer are only currently economical for research and niche applications.
of air on the surface, preventing
contact with liquids. NANOPARTICLES
S \ Nanoparticles are a specific type of nano ich are currently the topic of
' ] intense scientific investigation. Nanopaxt e usually spherical particles with
diameters of about 1-100nm. It is in ¢ range that the properties of materials
begin to change from those that observed for bulk material to those
that result from the greater ¢ 10 surface effects. Nanoparticles have

10

potential applications in medicin sics, optics and electronics.

Although nanoparticles %
the moment, nanoparticles hawve
properties of nano icles is

ot topic of cutting-edge scientific research at
been used throughout history. One of the curious
ow their optical properties are markedly different

FIGURE 1.2.4 The liquid repelling
effect of a lotus leaf is due to naturally
occurring hydrophobic waxes and
microscopic hairs on its surface.

lustre valued for its appearance (Figure 1.2.5), yet gold
e on a range of different colours (Figure 1.2.6). The variable

The coatings can be applied
with a simple aerosol spray
and once treated, demonstrate
remarkable anti-wetting
characteristics, repelling wat
and dirt and essentially becomin
self-cleaning. Applications for
such treatments include materials
that never need cleaning, surgical
equipment that never carries
pathogens and tomato sauce
bottles that always allow you to
get the last bit out. Unfortunately,
current coatings demonstrate
extremely poor durability,
making them unsuitable for
most applications, but research
is ongoing.

FIGURE 1.2.6 These vials contain gold particles of various sizes. The different-sized particles are
different colours because they interact with light differently.

AREA OF STUDY 1 | ATOMS AND ELEMENTS
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FIGURE 1.2.8 White zinc on faces is a common
sight on Australian beaches during summer.

CHEMFILE
Why so blue?

olloid is a mixture where one
i le substance is dispersed
) thretigh another. It is distinguished

" : rom a suspension in that colloids
FIGURE 1.2.7 The red colour in this stained glass window is caused by gold nanoparticles trapp€d-in contain particles on the nanoscale that

the glass. The deep yellow colour is caused by silver nanoparticles. will not settle out of the mixture over
time. For example, milk is a colloid of
One interesting application of nanoparticles that demonstrates different optical droplets of fat dispersed in water.
properties from the bulk is in sunscreens. Normally sunscreens contain metaloxides, A common alternative medicine
such as zinc oxide, which appear white when applied to the skiny(Figure 1.2.8). available at most pharmacies is
However, when zinc nanoparticles are used, they interact with light differently and colloidal silver. Colloidal silver consists
appear clear. of silver metal nanoparticles dispersed

throughout a liquid, normally water.
Although silver and silver compounds

CHEMEILE » are toxic for bacteria, colloidal silver
- has been marketed as a cure-all for
Nanoparticles: risks to health an nment many conditions, with claims ranging
Nanoparticles have opened up a range of t ical possibilities. However, the from it being an essential dietary
development of nanoparticles has also cerns about the possible dangers to supplement to curing cancer.
humans and the environment. One of the side effects of excessive
In the past, other useful mat estos have been found to have silver consumption is a condition
devastating side effects. Therefare, the/CSIRO (Commonwealth Scientific and Industrial known as argyria, in which silver
Research Organisation) and othergscightists around the world are studying the potential compounds accumulate in the skin,
dangers associated with nanoparticles and their applications. react to sunlight and turn the skin
blue-grey (Figure 1.2.9). Although the
THE PROBLEM WITH NANOPARTICLES condition is not life threatening, the
Nanoparticles are so small that they can travel through the air, through skin and into effects are permanent and irreversible.

your bloodstream and even into cells. Inside the body, the particles may interact

with biomolecules to cause unwanted chemical reactions. This makes nanoparticles
potentially dangerous if breathed in or if they are in contact with the skin (for example,
in sunscreen, fabrics or cosmetics).

NANOPARTICLES IN SUNSCREENS

CSIRO scientists in Australia are looking at the zinc oxide nanoparticles used in
sunscreens to determine whether they are safe. This research focuses on whether the
nanoparticles can penetrate skin, their long-term health effects and how they might
affect the environment.

Initial studies suggest that small amounts of zinc oxide from sunscreens are absorbed
into the body and can be detected in the blood and urine. It is still not clear whether :
the absorbed zinc oxide has any harmful effects on the human body. The most FIGURE 1.2.9 The blue-grey complexion of

recent research indicates that the cells of the immune system can break down the an individual suffering from argyria s a result
. of excessive colloidal silver consumption.
nanoparticles.
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1.2 Review

+ Nanotechnology is the study of materials on the
nanoscale.

* A nanometre (nm) is a billionth of a metre
(102m).

+ Nanomaterials are materials with nanoscale
features that give the material useful and
important properties.

« Nanomaterials can be found in nature,
manufactured in the laboratory or engineered
from other materials.

KEY QUESTIONS

1 Convert the following lengths into nanometres. Use
scientific notation in your answers.
a 835cm
b 1.35mm
c 42mm

2

Nanoparticles are particles with diameters of
about 1-100 nm.

The properties of nanoparticles can be different
from the bulk material that they are made from.
Nanoparticles can travel through the air, through
skin and even though cells, making them both
potentially useful and dangerous for humans.

Explain why manepatticles could play an important
role in transportingimedicines to certain regions of the
body instreatments such as chemotherapy.

Why are ghe jproperties of nanoparticles so radically
different frém those of the bulk material?

12
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1.3 Purifying materials

Alloys, composites and some nanomaterials are examples of how chemists can

combine substances to create materials with different properties and for new

applications. However, scientists can also develop new technologies by extracting,

separating and purifying materials. For example:

» Separating crude oil: Crude oil is made up of a large number of useful compounds
that can be separated into fuels, lubricants and chemicals to make plastics.

o Purifying silicon: 99.999% pure silicon can be used to make solar panels, but

99.9999999% pure silicon is required to make silicon microchips!

* Extracting DNA: The ability to extract and purify DNA from cells has
fundamentally changed medicine, forensics and even agriculture.

Separation and purification techniques play an important role in many
industries and laboratories. In each case, the separation technique uses differences
in the physical and chemical properties of the mixed substances to separate the
components of the mixture. Such differences in properties include particle size,
density, solubility, boiling point and electric charge.

SEPARATION BY PARTICLE SIZE

One of the simplest separation techniques is to separate the substances on th
of particle size. This is commonly done through sieving or filtration.

Sieving is used to separate a mixture of solids with different pafticle
technique involves passing the mixture through a mesh. Particlé @

than the holes in the mesh pass through, leaving larger particles behind.

This simple technique is commonly used during baki
powders such as flour or cocoa. The technique is also an.i rtant tool in industries

like mining. Figure 1.3.1 shows metal ore being 0 a hopper crusher,
where it is crushed and passed through a sieve. T ticles that pass through
the sieve move onto the next stage of processi ger particles remain in the

Sieving

hopper crusher to be crushed further.

Filtration

Filtration is used to separate_soli es from a liquid or gas. Air filters in
vacuum cleaners, extraction fans or in ial chimneys are examples of filters that
separate particles from air. tets, coffee plungers and tea bags are domestic
examples of filters that separate solid particles from liquids.

In the laboratory, scientists use filter paper to separate liquids and solids. This is
normally done in one of two ways.

Gravitational filtration

Gravitational filtration uses the weight of the solid-liquid mixture to push the
mixture through filter paper. The filter paper is first folded to produce a cone-
shaped filter that fits into a funnel. The funnel is then placed into a conical flask,
as shown in Figure 1.3.2.The solid-liquid mixture is then poured into the filter
paper and left to run through the funnel. The purified liquid that collects in the
flask is known as the filtrate. The solid collected in the filter paper is known as
the residue.

FIGURE 1.3.1 After ore is mined, it is placed into
a hopper crusher like this one. The ore is then
pulverised. The smallest pieces fall through a
sieve, while the larger pieces are crushed further.

filter funnel

filter paper
residue

conical flask

filtrate
FIGURE 1.3.2 A gravitational filtration apparatus
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Vacuum filtration

Vacuum filtration is faster than gravitational filtration and also helps to dry the
residue more quickly. The apparatus for this technique is shown in Figure 1.3.3.
The funnel, called a Biichner funnel, is usually ceramic, with a flat base and vertical
sides. The flat base has many holes for the liquid to flow through. A flat piece of
filter paper is placed at the bottom of the funnel. The funnel is then placed in a
vacuum flask, which is a conical flask with a rubber seal and a side arm for attaching
a vacuum tube. The solid-liquid mixture poured into the funnel is sucked into the
flask by the vacuum. The solid residue is trapped by the filter paper.

Large particles of solid cannot fit
through tiny holes in filter paper, so remain here.

moistened
filter paper
Blchner

funnel

rous plate
rubber (plate with holes in)

seal

vacuum tubing

vacuum

flask Suction from aspirator

creates partial vacuum in flask.

@ te (liquid that passes
ough filter paper) collects here.

actwm filtration apparatus

RATION BY DENSITY

nsity is a measure of the mass per unit of volume of a substance. The difference

e p— in density between substances in a solid-liquid mixture determines whether

) 5 each substance floats or sinks. The denser substance will sink and the less dense

{ substance will float. Separating materials based on their density is relatively easy and

cheap. However, the size of the particles in the materials also play a role. Even dense

materials can stay suspended in a liquid if the particle size is very small, making it
harder to separate very fine particles.

Sedimentation and decantation

If you drop a handful of sand, rocks and clay into a clear container of water, you
will observe a few things. Firstly, the larger rocks will sink to the bottom, followed
by the finer grains of sand. If you leave the mixture for days or weeks, you may also
see that even finer particles start to settle. However, the finest particles will remain
suspended in the liquid (Figure 1.3.4).

FIGURE 1.3.4 In this mixture of clay and water, This process is known as sedimentation, or settling, and is a form of
while most of the clay has settled to the bottom,  gravitational separation. The liquid can then be separated from the sediment by
iﬁz ﬁgﬂuail(ljest clay particles are still suspended in carefully pouring the liquid into another container. This process of pouring liquid

i from the sediment is known as decantation.
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While not highly efficient, sedimentation is a cheap method of separating solid
particles from liquids in large volumes.

» In water treatment plants, the sewage is first stored in large sedimentation tanks
so that the solid waste can be separated from the liquid waste after it settles to the
bottom of the tank (Figure 1.3.5).

e In wine production, the grape juices are stored in large settling tanks before
being fermented. The solid particles sink to the bottom, allowing their separation
from the grape juices.

FIGURE 1.3.5 Sedimentation tanks are used in water treatment plants to'sepafate solid waste from
liquid waste.

Separation funnels

If two liquids have different densities and are immiscible (don’t mix), then the liquids
can be separated with a separation fuhnel. The separation funnel (Figure 1.3.6)
is a glass flask connected to agthin outlet|fube with a small tap. When immiscible
liquids are placed in the flask, twolayersswill form. The less dense liquid floats to the
top and the denser liquid sink§to the bottom. When the tap is opened, the denser
liquid flows out first and is sepatated from the less dense liquid.

Separation funnels are used in a process known as liquid-liquid extraction. This
technique can be used to extract compounds like fragrances from plant oils. The
plant oil containing the fragrance is mixed with water and a liquid known as ether.
The water and the ether are immiscible but the fragrance will dissolve in the ether.
The fragrance can be separated out of the oil and into the ether by gently shaking
the water and ether in the separation funnel. After being left to stand for some time,
the water and ether will separate. The ether, containing the fragrance, can then be
poured out of the separating funnel and into a beaker.

Centrifugation

Spinning a mixture rapidly can speed up the sedimentation process and extract finer
particles that may not settle out naturally. This process is known as centrifugation.
Separation occurs because spinning the mixture results in the denser particles being
pushed to the outside of the container by centrifugal force.

Centrifugation is used extensively in research and in medical and forensics
laboratories since it is particularly useful for separating mixtures in small quantities.
In Figure 1.3.7, vials of blood are placed in a centrifuge. This machine spins the vials
around at up to 20 000 revolutions per minute.

FIGURE 1.3.6 Separation funnels are often
used in organic chemistry where many organic
solvents display significantly different densities
from aqueous solutions.

. | y,

FIGURE 1.3.7 Centrifuges like this one are used

to separate the components of blood in small
quantities. Blood that has been centrifuged
separates into three distinct layers. The top layer is
the plasma, the middle layer is the buffy coat and
the bottom layer is composed of red blood cells.
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The centrifuge separates the blood into three components—plasma, the buffy
coat (a mixture of white blood cells and platelets) and a layer of red blood cells. The
plasma and red blood cells can be used for blood transfusions. The buffy coat is
used to extract DNA or detect some diseases.

SEPARATION BY BOILING POINT

For mixtures containing compounds that do not breakdown under heating,
separation can be based on the difference in boiling points.

Evaporation

Some solids dissolve in liquids to form a solution. The liquid is known as the solvent
and the dissolved solid is called the solute. Dissolved solids cannot be separated
by filtration, sedimentation or centrifugation. Instead, the liquid solvent needs to
be evaporated or boiled off in order to recover the solid solute. This technique is
used in the Dampier salt mine in Western Australia and in the salt pans in Cusco
Region, Peru (Figure 1.3.8). During the evaporation process, the water is lost to the
atmosphere as water vapour. However, it is possible to collect both the solute and
the solvent using the process of distillation.

- e~

FIGURE 13.8 Salt pans of Cusco Region, Peru

( 4
| CHEMISTRY IN ACTION | 0

Gas centrifuges

For the separation of substances in a mixture, such as
isotopes where the differences in mass between the
components are so minute, a gas centrifuge is employed.
Gas centrifuges work on the same principle as traditional
centrifuges except gases are used as the feed material
and the process is conducted in multiple stages.

The most prominent use of gas centrifuges is the
enrichment of uranium for nuclear power and weapons.
This requires the separation of radioactive 235U isotopes
from the majority 238U isotopes. The 235U isotope
represents only 0.72% of the atoms present in natural
samples of uranium.

The difficulty of this process is the major hurdle for FIGURE 1.3.9 The interior view of a gas centrifuge used for enriching
many nations who desire nuclear weapons. uranium for nuclear power stations
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Distillation

Distillation uses the same principle as evaporation but is performed in an apparatus
(Figure 1.3.10) in such a way that the evaporated liquid can be recovered. The solution
is heated in a flask known as the distillation flask to vaporise the liquid. The vapour
passes through a condenser, which is a tube cooled with running water. The condenser
cools the vapour, causing it to condense back into a liquid and form droplets along
the inside of the condenser. The condensed liquid drips out of the condenser into a
second flask, known as the receiving flask. The liquid collected is called the distillate.

thermometer

i distillation flask
/
/ water out

condenser
solution /

cooling water
cold water in

distillate
FIGURE 1.3.10 A set-up of a distillation apparatus

Fractional distillation

The distillation method can also be used to separate misci
have boiling points that are only slightly different from ea . This technique is
known as fractional distillation and uses the same a simple distillation
with one important addition: a fractionating col is ‘placed between the flask
containing the mixture and the condenser. A % ating column is a hollow
3.11).

between rising vapour and
atile component exiting the column
omponent condensing back into the

falling condensate. This results in the mo
as a vapour at the top and the less &0
distillation flask.

| CHEMISTRY IN ACTION |

Distillation towers

One of the key structures in an oil refinery is the distillation
tower. These towers are distillation columns that are up

to 100 metres tall. They are heated from the bottom and
allow the separation of crude oil into different fractions
based on their different boiling points.

The highest boiling point fractions, such as asphalt and
fuel oil, are collected at the bottom whereas the lowest
boiling point fractions, such as petrol for cars and other
gases, are collected at the top of the column.

FIGURE 1.3.12 The distillation tower at an oil refinery

fask /

FIGURE 1.3.11 A glass fractionating column
filled with glass beads
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SEPARATION BY ELECTRIC CHARGE
Electrostatic separation

Objects that have opposite electric charges attract each other. The force of attraction
between opposite charges is known as the electrostatic force and can be used to
separate charged particles from uncharged particles.

Electrostatic filters use the electrostatic force to separate solid particles from a
gas. The technique is used in mineral processing and industrial chimneys to remove
smoke particles from waste gases before releasing the gases into the atmosphere.
The smoke is first passed through a negatively charged grid, which gives the smoke
particles a negative charge. The smoke is then passed between positively charged
plates or electrodes that attract and collect the particles.

Chromatography

Other important techniques are the various forms of chromatography, including thin
layer chromatography (TL.C), gas chromatography (GC), paper chromatography
and high performance liquid chromatography (HPEC). Chromatography separates
liquids or gases based on their differing affinity forg#@tious materials present in the
chromatography apparatus.

All chromatography techniques employfa stationary and mobile phase. If
a compound from the mixture intréduced®into a chromatography apparatus
demonstrates a high affinity for the mabile phase and a low affinity for the stationary
phase, it will be moved quickly throughhe system as the mobile phase moves. If a
different component in the mixture demonstrates a high affinity for the stationary
phase and a low affinity for theymobile phase, it will remain in the system longer,
thus effecting a separation of the/ compounds. Chromatography will be covered in
greater detail in Chapter 13.

Q\U

Electrophoresis
Electrophoresis is an electrostatic-base paratio
technique that relies on the different mi ates of

particles dispersed in a fluid when ex 0 an electric
field.
Particles suspended in a flui n a surface charge

as a result of processes such as deprotonation (losing a
hydrogen ion), protonation (gaining a hydrogen ion) or
adsorption of other ions. This surface charge responds
to an applied electric charge to the fluid in the same way
as other charged particles interacting electrostatically;
positively charged particles are attracted to the
negatively charged terminal and vice-versa for negatively
charged particles. This electrostatic attraction causes
the particles to migrate, or move through the fluid,

the rate of which depends on their charge and size.

Over a period of time, particles of different sizes (and
therefore roughly molecular weights) migrate different
distances (Figure 1.3.13), affecting the separation of

the components.

FIGURE 1.3.13 A type of electrophoresis known as gel electrophoresis
is commonly used to analyse DNA and proteins.
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1.3 Review

1

Il KEY QUESTIONS

Useful materials can be created by extracting and
purifying substances.

Separation techniques use differences in the
materials’ physical and chemical properties in order
to separate them. Such differences include particle
size, density, boiling point and electric charge.
Sieving can be used to separate mixtures of solids
based on particle size.

Filtration can be used to separate mixtures of
solids and liquids based on particle size.
Sedimentation and decantation can separate
mixtures of solids and liquids based on density.
Mixtures of immiscible liquids of different densities
can be separated using a separation funnel.

Why would sieving a mixture of salt and pepper not be
an effective separation technique?

Can you use sedimentation and decantation to
separate the solvent from the solute of a solution?
Why/why not?

Is it possible to use a separation technique owutlinedyin
this chapter to separate the hydrogen fromiithe oxygen
in water? Why/why not?

Draw a fully labelled scientific diagram-ef a distillation
apparatus.

For each of the following sets/of mixtures, outline

what technique(s) could be employed to separate the
components.

a water and ol

water and sugar

sand and gravel

sugar and pebbles

pebbles and woodchips

o o 0 T

6

A mixture of components where the differences
in density are very small can be separated by
centrifugation.

Evaporation can separate the solute from the
solvent in solutions but the solvent is not retained.
Distillation can separate the solute from the
solvent in solutions, or even two miscible liquids,
and all components are retained.

Fractional distillation is effective at separating
mixtures of miscible liquids with similar boiling
points.

A mixture of sub%that respond differently
to external C@f' can be separated by

electrostati

Aymixture of four different hydrocarbons is to be
separated by fractional distillation; their details are in
the table below.

Hydrocarbon ‘ Boiling point (°C)

pentane 36.1
heptane 98.4
octane 125.0
benzene 80.1

In what order will the hydrocarbons be collected in the
receiving flask?
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Chapter review

KEY TERMS

alloy distillation

carbon nanotube element
centrifugation filtrate

ceramic filtration

colloid fractional distillation
composite material fullerene
compound graphene
decantation material

density mineral

Materials science

1 Whatis a composite material?

2 Papier maché is a commonly used composite material
composed of what two materials?

3 Classify each of the following materials as a metal,
ceramic or polymer: aluminium, cotton, nylon,
porcelain, stainless steel.

4 Gold is a precious, soft, yellow metal valued for its
rarity and appearance. When used in jewellery, gold is
often alloyed with other metals. Suggest a reason why.

5 Diamond, graphite and carbon nanotubes are all
elemental forms of carbon. Suggest a reason why their
physical properties differ so significantly when their
chemical composition is identical.

6 In what way is the composite material known as
reinforced concrete superior to normal concrete,for:
construction?

7 Why are kitchen sinks made from stainless steel and
not iron?

8 Conduct research to find gut what arethe major
components of the followingfalloys.

a bronze
b pewter
¢ white gold

Nanotechnology

9 Convert the following lengths into nanometres (express
your answers in scientific notation).
a bcm
b 12mm
¢ 0.02mm

10 Zinc oxide powder and zinc oxide nanoparticles
both absorb UV light. What property of zinc oxide
nanoparticles makes them more suitable than zinc
oxide powder for use in sunscreen?
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nanomaterial

nanometre

nanoparticle

nanoscale sedimentation
nanotechnology separation funnel
ore sieving

polymer suspension
residue

sediment

11 a Describe the difference between top-down and
bottom-up fabricatigh methods of nanomaterials.
b What are the advantages and disadvantages of each
method?

12 What is a collgid and.how is it different from a
suspension?

Purifying/materials
13 What is the/main advantage of distillation over
evaporation?

A Cemimon survival technique to obtain drinking water
whendest in the outdoors is to dig a hole in the ground,
fill it with waste or salt water, place a clean container in
the centre of the hole and cover the hole with a piece
of plastic weighed down with a small rock in the centre.
Explain in terms of separation techniques how this
apparatus can produce drinkable water.

14

15 Crystallisation is the evaporation of the solvent from
a solution to form crystals of the solute. Explain why
this method is not suitable for purifying mixtures of

multiple soluble salts from solution.

16 Briefly outline the steps you would take in a laboratory
to separate the following mixtures while retaining each
component.

a sawdust, sand and sugar

b oil, water and ethanol

¢ instant coffee and tea leaves

Connecting the main ideas

17 Research the composite materials produced with
carbon-fibre reinforcing, stating their advantages over
traditional materials.

18 Describe some of the concerns regarding the use of

nanoparticles in consumer products.

One of the concerns raised regarding nanotechnology
is the scenario suggested by early nanotechnology
pioneers involving ‘grey goo’. Research the notion of
‘grey goo’, summarising the scenario.
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