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THE SMITHSONIAN
Established in 1846, the Smithsonian is the world's largest museum and
research complex, dedicated to public education, national service, and
scholarship in the arts, sciences, and history. It includes 19 museums and
galleries and the National Zoological Park. The total number of artifacts, works
of art, and specimens in the Smithsonian’s collection is estimated at 154 million.

CONTENTS

Discovering matter

WHAT IS MATTER?
Atoms
Molecules
Bonding
Solids, liquids, and gases
Mixtures
Rocks and minerals
Crystals
Crystal cave

THE ELEMENTS
Transition metals
More metals
Metalloids
Solid non-metals
Hydrogen, oxygen, and nitrogen
Halogens and noble gases

CHEMICAL REACTIONS
Compounds
Acids and bases
Crystal forest
Combustion
Electrochemistry
Hot metal

MATERIALS
Natural materials
Hook and loop
Alloys
Materials technology

10
12
14
16
18
20
22
24
26

28
30
32
34
36
38
40

42
44
46
48
50
52
54

56
58
60
62
64



Discovering energy and forces

ENERGY
Heat
Nuclear energy
Sound
Artificial light

Electromagnetic radiation
Telecommunications

Light
Telescopes
Magnetism
Aurora borealis
Electricity
Electronics

FORCES
Laws of motion
Friction
Gravity
Pressure
Simple machines
Floating
Flight

SPACE AND EARTH
Galaxies
Star life cycle
Carina Nebula
The Solar System
Earth and Moon
Tectonic Earth
Storm clouds
Climate change

68

70
72
74
76
78
80
82
84
86
88
90
92
94

96

98
100
102
104
106
108
110

112
114
116
118
120
122
124
126
128

)

Discovering life

WHAT IS LIFE?

The fossil record
Evolution
Miniature life
Cells

Body systems
Nutrition
Photosynthesis
Feeding strategies
Processing food
Plant transpiration
Circulation
Breathing

Getting air
Balancing the body
Nervous system
Senses

Vision

Movement

Getting around
Plant reproduction
Producing young
Metamorphosis
Genetics and DNA
A place to live

v
- =
s

Habitats and biomes

Cycles of matter
Food chains
Threatened species

Scale of the universe
Units of measurement

Classifying life
Timeline of life
Glossary

Index and Acknowledgments

rs2

134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190

194
196
198
200
202
204






MATTER

The ground beneath your feet, the air around you, and

the stars in the sky are made of matter. You are made of
matter, too. All matter is made of minute particles called
atoms, which join together in countless ways to form

an astonishing variety of substances.




8 matter o DISCOVERING MATTER o 1855 RN Robert Bunsen.

=2 Modern chemistry

(=Y Advances in technology allowed
C‘;“ chemists and other scientists
_

pH scale invented Electron shells to invent new materials by
Danish chemist Sgren Peder Lauritz Serensen The Danish scientist Niels Bohr proposes 2 reproducing natural materials
invents the pH scale, which is used to judge a model of the atom that shows how = synthetically or rearranging
whether a substance is an acid, neutral, or base. electrons occupy shells and orbit

= atoms through
WA nanotechnology.

around the nucleus.

New elements
Polish-French scientist Marie
Curie and her husband, Pierre,
discover two new radioactive
elements, radium and
polonium. Radium is later
used in radiotherapy =
to treat cancer.

1898

The Atomic Age
The discovery of radioactivity
led to a better understanding
of what lies inside an atom,
Discovery of electrons and more research into
English scientist J. J. Thomson discovers electrons subatomic particles. This
using a cathode ray tube. This is the first step toward knowledge was put to use
understanding the structure of atoms. in medicine and health care.

1789

Discovering
matter

Thousands of years of questioning,
experimentation, and research have led to our
understanding of matter as we know it today.

1772/ 1774

Antoine Lavoisier
French chemist Antoine
Lavoisier publishes
Elements of Chemistry,

which lists the 33 known
elements divided into
four types: gases, metals,
non-metals, and earths.

Discovery of oxygen
Swedish chemist Carl Scheele builds
a contraption to capture oxygen by
heating various compounds together.
English scientist Joseph Priestley
also discovers oxygen by <
showing that a candle
can't burn without it. /

Following the earliest explorations of matter by our prehistoric
ancestors, Greek philosophers were among the first people to
attempt to classify matter and explain its behavior. Over time,
scientists found more sophisticated ways of analyzing different
types of matter and discovered many of the elements. The Industrial
Revolution saw the invention of new synthetic materials using these
elements, while greater understanding of the structure of atoms led
to significant advances in medicine. New substances and materials
with particularly useful properties are still being discovered and
invented to this day.

SCHEELE’S OXYGEN
APPARATUS

Timeline of discoveries
From prehistory to the present day, people
have sought to understand how matter
behaves and to classify different types.
Over the years, this has led to the
discovery of new matter and materials.

Copper and bronze
Smelting of copper

(extracting it from its

ore through heat) is

Greek philosophers
Empedocles suggests
that everything is

made of four elements:

Prehistory to antiquity
The earliest discoveries of how
matter behaves were made not
by scientists, but by prehistoric

ancestors trying to survive. discovered. Bronze air, earth, fire, and
During antiquity, philosophers Making fire (copper smelted with water. Democritus
spent a lot of time trying to Our ancestors learn to make fire tin) is first produced suggests that all
work out what matter is. using combustion (although they in 3200 BCE. matter consists
don't know that at the time). of atoms.

790,000 BCE 3200 BCE 420 BCE




Robert Boyle’s The Sceptical Chymist
develops a theory of atoms.

Carbon

- dioxide monitoring Buckyball discovery World’s thinnest material : GRAPHENE
- i ienti i ienti i i it Graphene (a layer of carbon atoms just one
American scientist Charles David Scientists at Rice University in Stom thick} i produced at the University of
Keeling starts to monitor the rise of carbon Houston discover a new form of r(\)A r:C : s f”? llgc.e s € t '\{E.S' Y (t)
dioxide in the atmosphere. His Keeling Curve graph carbon called buckminsterfullerene, fnnact ?'Salerb . éOOISt'me wct)rr nS " Itr;wr;is -
is still used to study climate change. or buckyball. erial, bu IMES stronge steel.

1870 1869

Synthetic materials
The first synthetic
materials made
LY from cellulose are
<Q " invented: celluloid
- (moldable plastic)
O
=
N\

Mendeleev’s periodic table
Russian chemist Dmitri Mendeleev
arranges the 59 known elements
into groups based on their atomic
mass and properties. This periodic
N
X

table enables him to predict the

in 1870 and viscose discovery of three more elements.

rayon in 1890.

VISCOSE, GAY-LUSSAC
SYNTHETIC SILK EXPERIMENTING
WITH AIR
PRESSURE IN
HOT-AIR
BALLOON

1803

Industrial Revolution
Driven by the thirst for

Dalton’s atomic theory Structure of water
English chemist John Dalton French chemist Joseph Louis

-—
\2\ modernization, chemists argues that all matter is Gay-Lussac experiments with
= identified more elements and composed of atoms and gases and pressure and finds that
QA invented ways to use them in atoms of the same element water is made up of two parts
are identical. He compiles a hydrogen and one part oxygen.

T\

2 medicine, in creating new
- materials, and in advanced
industrial technologies.

list of elements based on
their atomic mass, then

= ’
= DALTON'S ATOMIC MODELS known as atomic weight. \
| g

1527 \ r 4
Age of Discovery Salts, sulfurs, and mercuries |
The Renaissance brought both rediscovery Swiss chemist Theophrastus von T \-\?, 7
of antique knowledge and a quest for Hohenheim works out a new = (L0
fresh ideas. Scientists began to test, classification for chemicals, based ]

experiment, and document their ideas, on salts, sulfurs, and mercuries.

publishing their findings and working
hard to classify matter.

Classifying elements

Arab physician Al-Razi

divides elements into spirits,
metals, and minerals
depending on how »

they react with heat. I | :

Middle Ages g

= In Asia and the Islamic world;
L= alchemists experimented to™ = -
= find the elixir of lifeandto -~ ¥

™\ make gold. By the late Middle * -

‘% Ages, European alchemists
X\
AV,

Gunpowder
While they are looking for
the elixir of life, Chinese
alchemists accidentally
invent gunpowder by
mixing saltpeter with

were working toward sulfur and charcoal.

the same goal.

>
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WHAT IS
MATTER?

The air around you, the water you drink, the
food you eat, your own body, the stars, and
the planets—all of these things are matter.
There is clearly a huge variety of different
types of matter, but it is all made of tiny
particles called atoms, far too small to see.
About ninety different Kinds of atom join
together in many combinations to make

all the matter in the universe.

PARTICLES OF MATTER

Matter is made of atoms—but in many substances,
those atoms are combined in groups called molecules,
and in some they exist as ions: atoms that carry an
electric charge. Both atoms and ions can bond together
to form compounds.

Atoms and molecules

An atom is incredibly small: you would need a line of 100,000 of
them to cover the width of a human hair. Tiny though they are, atoms
are made of even smaller particles: protons, neutrons, and electrons.
Different kinds of atom have different numbers of these particles.
Atoms often join, or bond, in groups called molecules. A molecule

can contain atoms of the same kind or of different kinds.

It's a matter of water 4 R
Water is one of the most WATER Oxygen
abundant substances on Earth. M"(';lEg‘,"'E atom (0)
More than two thirds of the :
surface of Earth is covered by
water. Animals contain lots of
water, too—nearly two thirds
of a cat’'s mass is water, for

example. Water is made
up of H20 molecules, each Hydrogen
made up of atoms of atom (H)
hydrogen and oxygen.

(‘5 ELEMENTS, COMPOUNDS, AND MIXTURES

Everything around us is matter, but it is a bit more complex than that.
Elements can exist on their own, but usually bond together chemically
with other elements to form compounds or appear in mixtures
(substances in which the “ingredients” are not chemically bonded, but
simply mixed together). A mixture can consist of two or more elements,
an element and a compound, or two or more separate compounds.

What’s what? - Cut diamond
Everything can be sorted into I ’\ . v 5 ‘\
different categories of matter, ¥ 4

depending on whether it is a
pure substance or a mixture
of different substances. This
diagram shows the main types.

Elements
An element, such as gold, isa
pure substance, made o

Stainless steel—an
alloy of iron, carbon,
and chromium-—is a
homogeneous mixture.

o nd

Homogeneous mixtures
In @ homogeneous mixture, particles
of different substances are mixed
evenly, so the mixture has the
same composition throughout.
They can be solid (steel), liquid
(honey), or gas (air).

Solutions
All homogeneous mixtures are solutions,
but the most familiar are those where a
solid has been dissolved in a liquid.

An example is salt water—in which the salt
breaks down into ions that mix evenly
among the water molecules. In sugary
drinks, the sugar is also dissolved—no

grains of sugar float around in the solution.

The air in a balloon is a
homogeneous mixture

of several gases, mostly

the elements nitrogen

y and oxygen.




A frog is made
of compounds
and mixtures.

An ice cream is an impure
substance—a mixture of
many different ingredients.

A sandwich is a
mixture of several
substances.

A leaf is a very
complex uneven
mixture.

Muddy water is a
suspension: it may look
evenly mixed at first, but
the larger mud particles

soon separate out. Heterogeneous mixtures

In a heterogeneous mixture, particles of
different substances are mixed unevenly.
Examples are concrete (@ mixture of
sand, cement, and stone) and sand on
a beach, which consists of tiny odd-sized
particles of eroded rock, sea shells,
and glass fragments.

-
-4

Suspensions Colloids

Suspensions are liquids that contain A colloid looks like an even mixture,

small particles that do not dissolve. but no particles have been completely

If they are shaken, they can appear dissolved. Milk, for example, consists of
evenly mixed for a short time, but then water and fat. The fat does not dissolve
the particles separate out and you can in water, but floats around in minute

see them with your naked eye. blobs that you cannot see without a

microscope. A cloud is a colloid of
tiny water droplets mixed in air.

é STATES OF MATTER

Most substances exist as solids, liquids, or gases—or as
mixtures of these three states of matter. The particles of
which they are made (the atoms, molecules, or ions) are
in constant motion. The particles of a solid vibrate but
are held in place—that’s why a solid is rigid and keeps its
shape. In a liquid, the particles are still attracted to each
other, but can move over each other, making it fluid.

In a gas, the particles have broken free from each other,
and move around at high speed.

changing states of matter

With changes in temperature, and sometimes in pressure, one
state can change into another. If it is warm, a solid ice cube melts
into liquid water. If you boil the water, it turns into gaseous steam.
When steam cools down, it turns back into a liquid, such as the
tiny droplets of mist forming on a bathroom window. Only some
substances, including candle wax, exist in all three states.

Gases

Near the wick, the
temperature is high
enough to vaporize
the liquid wax,
forming a gas of
molecules that can
react with the air.
This keeps the
flame burning.

Liquid

In the heat of the
flame, the wax melts,
and the molecules
can move over each
other and flow.

Solid

Solid wax is made
of molecules held
together. Each wax
molecule is made
of carbon and
hydrogen atoms.

Plasma, the fourth state of matter

When gas heats up to a very high temperature, electrons break
free from their atoms. The gas is now a mixture of positively
charged ions and negatively charged electrons: a plasma. A
lightning bolt is a tube of plasma because of the extremely high
temperature inside it. In space, most of the gas that makes up
the sun, and other stars in our universe, is so hot it Is plasma.




The name atom comes from the Greek atomos, which means
1 2 m a tte r o ATO M S “uncuttable,” first used by the ancient Greek philosopher Democritus.

Atomic proportions 1 Ato m S

You would have to enlarge an atom to a Size of the
trillion times its size to make it as big as nucleus if You, and all the things around you, are made of
a football stadium. Even at that scale, the the atom

werethesize | tiny particles called atoms—particles so minuscule
SR that even a small grain of sand is made up of
trillions of them.

atom’s electrons would be specks of dust
flying around the stadium, and its nucleus
would be the size of a marble.

Atoms were once thought to be the smallest possible parts
of matter, impossible to split into anything smaller. But they
are actually made of even smaller particles called protons,
neutrons, and electrons. Atoms join, or bond, in many
different ways to make every different kind of material.

A pure substance, consisting of only one type of atom, is
called an element. Some familiar elements include gold,
iron, carbon, neon, and oxygen. To find out more about

the elements, see pp.28-41.

Atomic structure

The nucleus at the center of an atom is made The nucleus The outer shell in a
of protons and neutrons. The protons carry a of a carbon carbon atom holds
positive electric charge. The neutrons carry no atom has six four electrons.
charge—they are neutral. Around the nucleus are protons and

the electrons, which carry a negative electric six neutrons.

charge. It is the force between the positively
charged protons and the negatively charged
electrons that holds an atom together.

Particles of an atom

Every atom of an element has
the same number of electrons

as it has protons, but the number
of neutrons can be different.
Below are the particles of one
atom of the element carbon.

r N\

& 2

L @
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6 6 6

Protons Neutrons Electrons

\ J
Carbon atom

The number of protons in an atom’s nucleus
is called the atomic number. This defines
what an element is like: each element has

a different atomic number, as shown in

the periodic table (see pp.28-29). For the
element carbon, shown here, the atomic
number is 6. An atom’s number of electrons
is also equal to its atomic number.

The inner
shell of a
carbon atom
holds two

electrons.




Atoms of the element helium
are the smallest of all atoms.

1803

The year schoolteacher John Dalton presented his
theory about what atoms are and what they do. 1. 3

Electrons and electron shells
An atom’s electrons are arranged

seven shells. Atoms that don't have full

around the nucleus in shells. Each shell  outer shells are unstable. They seek to
can hold a certain number of electrons  share, or exchange, electrons with other

before it is full: the inner shell can hold atoms to form
2, the next shell 8, the third one 18,
and so on. The heaviest atoms, with
large numbers of electrons, have

Here, the

second shell is
the outer shell,
holding two of

Two electrons
complete the

single shell of
a helium atom.

L electrons. ,/"
v N\
@ /{ /‘”0‘\\ 1 . ?
X / ".‘ |
| He | @ Be | Q@ |
\ / (S /
N N
@ 7/ Q
e \
T Titanium's _s/\
third shell is
not filled: it
has only 10

electrons out

N of 18 possible.
Helium

The gas helium has the

atomic number 2. All its Beryllium

The second shell of an

beryllium's four 7

atoms have two electrons,
which is the maximum
number the first shell

can hold. With a full outer

atom can hold up to eight
electrons. The metal

beryllium (atomic number
4) has a filled inner shell,

shell, helium atoms are

very unreactive, but only two electrons in

its outer shell, making it
quite reactive.

chemical compounds. This

process is known as a chemical reaction.
Atoms with a filled outer shell are stable,
and therefore very unreactive.

~

\ -

Titanium

The metal titanium (atomic
number 22) has four shells.
It has two electrons in its
outer shell, even though the
third shell is not full. It is
quite common for metals to
have unfilled inner shells.

~

Atoms and matter

It is difficult to imagine how atoms make the world
around you. Everyday objects don’t look as if they consist
of tiny round bits joined together: they look continuous.
It can help to zoom in closer and closer to an everyday
material, such as paper, to get the idea.

Atomic mass and isotopes

The mass of an atom is worked out
by counting the particles of which it
is made. Protons and neutrons are
more than 1,800 times heavier than
electrons, so scientists only take into
account those heavier particles, and
not the electrons. All atoms of a

isotopes, that
neutrons. The

particular element have the same
number of protons, but there are
different versions of the atoms, called

have different numbers of
relative atomic mass of an

element is the average of the different
masses of all its atoms.

Isotopes of sodium P N P N P N

All atoms of the

element sodium

(atomic number 11)

have 11 protons, o e 0

and nearly all have ®&® @ @@

12 neutrons. So the

relative atomic mass 0 0 0 0 0 0

is very close to 23,

but not exactly. o G 0 e 0 0
®e @ " X"
®©e @ " X"
Sodium-22 Sodium-23 Sodium-24
The sodium Sodium-23, the This sodium
isotope with most common isotope has a
11 neutrons in sodium isotope, mass of 24:

its atoms has a
mass of 22.

has 11 protons
and 12 neutrons.

11 protons and
13 neutrons.

r
Neutron

Proton
.

Paper

Paper is made almost
entirely of a material called
cellulose, which is produced
inside plant cells, usually
from trees. Cellulose is
hard-wearing and can
absorb inks and paints.

Cellulose fiber

Cellulose forms tiny fibers,
each about one thousandth
of a millimeter in diameter.
The fibers join together,
making paper strong

and flexible.

Cellulose molecule

Each cellulose fiber is made
of thousands of molecules.
A cellulose molecule is a few
millionths of a millimeter
wide. It is made of atoms of
different elements: carbon
(black), oxygen (red), and
hydrogen (white).

Carbon atom

A typical cellulose molecule
contains a few thousand
carbon atoms. Each carbon
atom has six electrons that
form bonds with atoms of
the other two elements.

Nucleus

Most of the carbon atom is
empty space. Right at the
center, about one trillionth
of a millimeter across, is the
nucleus, made of six protons
and six neutrons.

Quarks

Each particle in the nucleus
is made of even smaller
particles, called quarks.
Each proton—and each
neutron—is made of three
quarks, held together by
particles called gluons.




14 matier o MOLECULES

Molecules

A molecule consists of two or more atoms joined, or
bonded, together. Many familiar substances, such
as sugar or water, are made up of molecules.
Molecules are so small that even a small
drop of water contains trillions of them.

All the molecules of a particular compound
(chemically bonded substance) are identical.
Each one has the same number of atoms,
from at least two elements (see pp.28-29),
combined in the same way. The bonds
that hold molecules together form during
chemical reactions but they can be

broken as atoms react with other atoms
and rearrange to form new molecules.

It is not only compounds that can exist

as molecules. Many elements exist as
molecules, too, but all the atoms that
make up these molecules are identical,
such as the pair of oxygen atoms that
make up pure oxygen (02).

Nucleus of oxygen atom
The oxygen atom has
eight protons and eight
neutrons in its nucleus.
Protons (shown in green)
have a positive charge
while neutrons (white)
are neutral.

Nucleus of hydrogen atom
The hydrogen atom

is the only atom that
consists of just one proton
in its nucleus, and does not
contain any neutrons.

Water molecule

Imagine dividing a drop of water in half, and then
in half again. If you could keep doing this, you
would eventually end up with the smallest amount
of water: a water molecule. Every water molecule is
made up of one oxygen atom and two hydrogen
atoms. The atoms are held together as a molecule
because they share electrons, in a type of chemical
bond called a covalent bond (see also p.16).

Electrons
Each atom has

the same number
of electrons as
protons—in the case
of oxygen, eight.




OXYGEN
ATOM (0) one electron

HYDROGEN ATOM (H)

Around 90 types of atom combine to
malke millions of types of molecule.

Electron shells

The electrons whizzing
around the nucleus in an
atom are arranged in shells.

Electron sharing
Each electron in a
covalent bond is
shared between
two atoms.

What keeps a molecule together?

Atoms in a molecule are held together by covalent bonds.
These form when atoms share electrons. In every atom, the
electrons are grouped around the nucleus in shells. Each
shell has a certain number of atoms it can hold before it is
full. Atoms are most stable when their outer shell is full,
and sharing electrons is one way to achieve this.

Oxygen atom: After their

six electrons in bonding, all
its outer shell three atoms’
(out of eight outer shells
possible). are full.

m—)>

Hydrogen:

(out of two
possible) in
outer shell.

WATER MOLECULE
HYDROGEN ATOM (H) (H:0)

DNA is a supersized molecule that
contains around 10 billion atoms. 1 5

Elements and compounds

Most elements are made up of single atoms, but some are
made of molecules of two or more identical atoms. When
two elements react, their molecules form a new compound.

oo

g
Sulfur \'/\
Pure sulfur (S), a solid, )
normally exists as /O\\\j

molecules of eight sulfur
atoms bonded together.

oxygen

The gas oxygen (02)
is made of molecules,
each containing two
oxygen atoms.

Sulfur dioxide (S0:)

When sulfur and oxygen
molecules react, their bonds
break to make new bonds
and a new substance forms.

Representing molecules

Scientists have different ways of representing molecules to
understand how chemical reactions happen. Here, a molecule
of the gas compound methane (CH4), made of one carbon
atom and four hydrogen atoms, is shown in three ways.

H

| Lewis structure
H—C—H The simplest way to represent
a molecule is to use the
| chemical symbols (letters) and
H lines for covalent bonds.

Ball and stick

Showing the atoms as balls

and the bonds as sticks

gives a three-dimensional
O representation of a molecule.

Space filling

This method is used when the
space and shape of merged
atoms in @ molecule are more
important to show than bonds.

Macromolecules

While some compounds are made
of small molecules consisting of
just a few atoms, there are
many compounds whose
molecules are made of
thousands of atoms.
This molecular .
model shows a
single molecule of
a protein found in
blood, called albumin.
It contains atoms of
many different elements,
including oxygen,
carbon, hydrogen,
nitrogen, and sulfur.
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Bonding

matier o BONDING

Matter is made of atoms. Most of them are joined, or
bonded, together. The bonds that hold atoms together
are formed by the outermost parts of each atom: the
electrons in the atom’s outer shell.

There are three main types of bonding: ionic, covalent, and
metallic. An ionic bond forms when electrons from one atom

transfer to another, so that the

atoms become electrically

charged and stick together. A covalent bond forms when
electrons are shared between two or more atoms. In a metal,

the electrons are shared freely

between many metal atoms.

All chemical reactions involve bonds breaking and forming.

To bond or not to bond

(see p.28). The electrons are arra

or share them with other atoms,

- ~

The number of electrons an atom has depends upon how many
protons are in its nucleus. This number is different for each element

nged in “shells,” and it is the electrons

in the outermost shell that take part in bonding. An atom is stable
when the outermost shell is full (see p.13). The atoms of some
elements have outermost shells that are already full-they do not
form bonds easily. But most atoms can easily lose or gain electrons,

to attain a full outer shell. These

atoms do form bonds and take part in chemical reactions.

Ten electrons arranged
in two shells

Neon atom

All atoms of the element neon
have two shells. The outermost
shell is full, with eight electrons,
so neon does not form bonds.

Outermost shell
can contain up to
18 electrons.

. Calcium atom

l The outer shell of a calcium
| atom is nowhere near full;
/ calcium can easily lose its
two outermost electrons,
and readily forms bonds.

Two electrons in
the outermost shell

. Iron atom
' Iron can lose its two outermost
\ electrons, but the next shell
down is also unfilled. This
/ means that iron (and most
other transition metals)
can form all three types
of bond—ionic, covalent,
and metallic.

164

The year that French scientist and philosopher Pierre Gassendi
suggested that atoms can unite to form molecules.

r~

lonic bonding

Many solids are made of ions: atoms, or groups of atoms, that carry
an electric charge because they have either more or fewer negative
electrons than positive protons. lons form when atoms (or groups of
atoms) lose or gain electrons in order to attain full outer electron
shells. Electrical attraction between positive ions (+) and negative
ions (-) causes the ions to stick together, forming a crystal.
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Sodium ions and chlorine
ions are held together by
electrical attraction.

lonic crystal

lons of opposite electric charge
are attracted to each other, and
they form a regular pattern called
a crystal. Many solids are ionic
crystals, such as salt.

Two atoms

Neither sodium (Na)
nor chlorine (Cl)
atoms have filled
outer shells. Sodium
will easily give up its
outermost electron.

Electron transfer
Chlorine readily
accepts the electron,
so now both atoms
have filled outer shells.
They have become
electrically charged
and are now ions.

Electrical attraction
The positive sodium
ion and the negative
chlorine ion are
attracted to each other.
They have become

a compound called
sodium chloride (NaCl).

Salt crystal

The ions arrange in a
regular pattern, forming

a crystal of the compound
sodium chloride (NaCl),

or table salt.




The atoms in your DNA are held
together by covalent bonds.

The number of bonds each carbon atom can form, making it one

of the best atoms at making up many different compounds.
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Covalent bonding

Another way atoms can attain full outer electron shells is by sharing
electrons in a covalent bond. A molecule is a group of atoms held
together by covalent bonds (see pp.14-15). Some elements exist as
molecules formed by pairs of atoms, for example chlorine, oxygen,
and nitrogen. Covalent bonds can be single, double, or triple bonds.

The outermost shell
of a nitrogen atom
has five electrons so
it is three electrons
short of being full.

Each hydrogen
atom needs one
more electron
to have a single
full shell of
two electrons.

-

Each covalent
bond is made
of two shared

electrons.

AMMONIA MOLECULE (NHs)

Ammonia molecule

A molecule of the compound ammonia (NHs) is made of
atoms of nitrogen (N) and hydrogen (H). The shell closest to
the nucleus of an atom can hold only two electrons. Hydrogen
and helium are the only elements with just one shell.

K"\"’ﬁ"ée’\’({ér -
One pair of shared
electrons completes each
chlorine atom'’s outer shell.

@@\.\e,/ 7\\ L s
Oxygen atoms share

two electrons each to
fill their outer shell.

Before bonding, a nitrogen atom’s
outer shell is three electrons
short, so it forms a triple bond.

Single bond
Some pairs of
atoms share

only one electron
each, forming a
single bond.

Double bond
Sometimes, pairs
of atoms share
two electrons
each, forming

a double bond.

Triple bond

In some pairs
of atoms, three
electrons are
shared, forming
a triple bond.

Metallic bonding

In a metal, the atoms are held in place within a “sea” of electrons.
The atoms form a regular pattern—a crystal. Although the
electrons hold the atoms in place, they are free of their atoms,
and can move freely throughout the crystalline metal. This is
why metals are good conductors of electricity and heat.

The metal changes
shape as the
hammer hits it.

PODODODOD

PODODODOD
PODODODOD
PODODODOD

Conducting heat and electricity

An electric current is a flow of electric
charge. In a metal, negatively charged
electrons can move freely, so electric
current can flow through them. The
mobile electrons are also good at
transferring heat within a metal.

@95500909
99030009
P%°3000009
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Malleable metals

Metal atoms are held in place by metallic
bonding, but are able to move a little
within the “sea” of electrons. This is

why metals are malleable (change shape
when beaten with a hammer) and ductile
(can be drawn into a wire).

Getting into shape
With some heat and a hammer, metals can be shaped into
anything from delicate jewelry to sturdier objects, such as this
horseshoe. Horseshoes used to be made of iron, but these days
metal alloys such as steel (see p.63) are more common.
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C
s ) "\ Gas state
The particles of a gas, such
O as oxygen, or the water vapor
0 in the polar bear’s breath, are
not tightly held together by
o bonds. Without these forces
keeping them together, they
o o move freely in any direction.
@
(* )
@)
o Q
\ J Air

Air is a mixture of gases:
mostly nitrogen (78 percent),
oxygen (21 percent), and
small proportions of argon
and carbon dioxide.

Solids, liquids,
and gases

There are four different states of matter: solid,
liquid, gas, and plasma. Everything in the universe
is in one of those states. States can change
depending on temperature and pressure.

All pure substances can exist in all of the three states
common on Earth—solid, liquid, and gas. What state a
substance is in is determined by how tightly its particles
(atoms or molecules) are bound together. When energy
(heat) is added, the tightly packed particles in a solid
increase their vibration. With enough heat, they start
moving around and the solid becomes a liquid. At boiling
point, molecules start moving all over the place and the
liquid becomes gas. Plasma is a type of gas so hot that
its atoms split apart.

Liquid state

The particles of a liquid, such as
water, are less tightly packed than
in a solid and not neatly arranged,
and they have weaker bonds. That is
why liquids flow and spread, taking
the shape of any container.

Salt water
Salty seawater has a lower freezing point
than freshwater, which freezes at 32°F
(0°C). Because salt disrupts the bonds
between water molecules, seawater stays
liquid until about 28°F (-2°0).




Water is one of the few substances 6 7
that expand when freezing.

percent of freshwater on Earth is in its solid
state in the form of ice caps and glaciers.
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Plasma

Plasma, which makes up the sun
and stars, is the most common
matter in the universe. Intense
heat makes its atoms separate
into positively charged nuclei and
negatively charged electrons that
whiz about at very high speed.

Avurora borealis

Collisions between plasma from space
and gases in the atmosphere energize
atmospheric atoms, which release light
when they return to normal energy levels.

States of matter

Water exists in three states. Here we

see it as solid ice, liquid seawater, and
gaseous water vapor exhaled by the polar
bear. Water vapor is invisible until it cools
and condenses to form steam, a mist of
liquid droplets—the same happens when

a pan of water boils. In the Arctic Circle,
the spectacular northern lights (aurora
borealis) reveal the presence of plasma,
the fourth state of matter.

Solid state
In a solid, such as ice, particles are held

together by bonds and sit tightly packed.
The particles vibrate slightly but they don't

move around, so solids keep their shape.

g
\

Changing states of matter

Adding or removing energy (as heat) causes
a state change. Solids melt into liquids, and
liquids vaporize into gas. Some solids can
turn straight to gas; some gases into solids.

GAS

MELTING

Sublimation

as dry ice. With lowered
pressure and increased heat
it becomes CO: gas—this is
called sublimation. When a
gas goes straight to solid,
the term is deposition.

Solid carbon dioxide is known

Melting and freezing
All pure substances have a specific melting

and freezing point. How high or low depends

on how their molecules are arranged.

N

Platinum
3,215°F
(1,768°C)
—0O Sugar
367F
(186°C)
Gallium O—
86F g
(300 i Q
Water
32F
(00
Mercury o0—
-38F
(-390)
Hydrogen
-434°F
(-259°0)
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Mixtures

Sea spray is a heterogeneous

When two or more substances are mixed mixture of air and seawater.
together, but do not bond chemically to make

a compound, they form a mixture. In a mixture,

substances can be separated by physical means.

Mixtures are all around us, both natural and man-made.
Air is a mixture of gases. Soil is a mixture of minerals,
biological material, and water. The pages of this book
are a mixture of wood pulp and additives, and the ink
on the pages is a mixture of pigments. There are
different types of mixtures. Salt dissolved in water

is a solution. Grainy sand mixed with water forms a
suspension. A colloid is a mix of tiny particles evenly
dispersed, but not dissolved, in another substance; mist
is a colloid of minute droplets of water in air. Evenly
distributed mixtures are homogeneous, uneven
mixtures are heterogeneous (see also pp.10-11).

Salty solution

The salt water in the sea is
a solution: a homogeneous
mixture of water and
dissolved salts. When
seawater evaporates, salt
crystals are formed.

Sand
Sand is a heterogeneous mixture:
a close look reveals tiny pieces
of eroded rock, crushed shells,
glass, and even bits of plastic.

Organic matter
Fish and other sea
creatures release organic

Mixtures in nature matter, such as waste and
R . old scales, into the sea.

Most substances in nature are mixtures, '

including seawater, rocks, soil, and air.

Understanding how to separate these

mixtures provides us with an important

Seaweed
supply of natural resources, for example Dead and decaying algae also
by removing salt from seawater and contribute organic matter to

separating gases, such as argon, from air. the seawater mix.




More than 5% million tons of gold are dispersed
as tiny particles in the world’s oceans.

Sea foam

Sea foam forms at the water’s
edge when wind and waves
whip up air and water to frothy
bubbles which mix with
biological material excreted
from algae and other sea life.

Rock

Lots of different
minerals can make
up the solid mixture
that forms rocks.
Most of the minerals
that are present in
seawater come from
eroded rock.

Seawater
The oceans are full of materials dissolved
as well as dispersed (scattered) in water:
salts, gases, metals, organic compounds,
and microscopic organisms. This type of
uneven mixture is called a suspension.

Seawater is an important source of the useful
element magnesium, an alkaline earth metal. 2 1

Separating mixtures

There are many ways to separate mixtures,
whether it is to extract a substance or analyze
a mixture’s contents. Different techniques work
for different substances depending on their
physical properties.

Filtration
Filtration separates insoluble solids from liquids,
which pass through the filter.

1. A mixture of water and
sand is poured into a filter.

2. Sand remains in the filter,
but water passes through.

3. Water collects
in the beaker.

lh

Chromatography

How fast substances in a liquid mixture, such as ink,
separate depends on how well they dissolve—the
better they dissolve, the further up the soaked
paper they travel with the solvent.

3. Each pigment separates
out at different points along
the soaked paper.

2. Filter paper is dipped in a
solvent (water or alcohol).

1. Stain of the mixture to be
tested—here black ink, which
contains many pigments.

T

Distillation

This method separates liquids according to
their boiling point. The mixture is heated, and
the substance that boils first evaporates and
can be collected as it condenses.

2. The vapor condenses as it
cools, returning to its liquid state.

3. Distilled liquid
is separated.

1. The first
liquid to
boil turns
to vapor
first.

Magnetism
Passing a magnet over a mixture of magnetic and
nonmagnetic particles removes the magnetic ones.

Iron filings are attracted

n-/ to the magnet.

b
A "'.-‘ Mixture of

¥ e sand and
] -"‘t"’.- 4 ;[ iron filings.
-y &

-
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Some granite, the igneous rock that makes up most
of Earth’s land crust, is more than 4 billion years old.

Rocks and minerals

The chemistry of Earth is dominated by the huge variety of
rocks and minerals that shape the landscape around us.

There are thousands of different kinds of rocks and minerals. What they are like
depends on the chemical elements they contain, and the way these elements are

grouped together. A rock is a mixture of different minerals,

arranged as billions

of tiny grains. Each mineral is usually a compound of two or more elements
chemically bonded together. Many of these form beautiful crystals. Sometimes,
a mineral is an element in its raw form—such as copper or gold.

Most of the ocean floor is made of

igneous basalt rock,

much younger than most rocks on land.

The rock cycle

Pressure forces  ali
hot magma % ; 3 When lava cools
to erupt as W 5. down it forms
lava, creating . solid rock.
a volcano. : g
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Heat from deep Rock can move up to the surface
underground melts solid as new rock forms underneath, a
rock to form liquid magma. process known as uplift.

The interior of the Earth
is so hot it melts solid
rock, forming a liquid
called magma. When
magma cools down it
solidifies and crystallizes
to form igneous rock,
such as granite (formed
underground) and basalt
(seen left) from lava
erupted from volcanoes.

Solid rocks look like they must stay the same forever, but in fact they change over
thousands or millions of years. Some melt under the influence of Earth’s internal
heat and pressure. Others get eroded by wind and rain. The three main forms of
rock are linked in a cycle that changes one form into another. The cycle is driven
slowly, but inevitably, by a set of dramatic movements deep within the Earth.

Pressure and heat cause
one type of rock to
metamorphose (change)
into another type of rock.

Weathering, caused by
wind and rain, breaks
down rocks into tiny
pieces called sediment.

WEATHERING AND EROSION

Sedimentary rock

Fragments of rock broken away by weathering
and erosion join together to form sedimentary
rocks, such as sandstone (below) and limestone.
The fragments gather in layers at the bottom
of lakes and oceans, and get compacted and
cemented together under their own weight.
Eventually, uplift pushes this rock up to

the surface.

Wind and water move
the sediment away.
This is called erosion.

SEDIMENT

CdMPACTION

Layers of sediment settle, and then
get compacted (squashed together)
into sedimentary rock.

Metamorphic rock
Rocks that get buried
deep underground are
squeezed and heated
under pressure. But
instead of melting the
rock, this rearranges
its crystals to form
metamorphic rock.

For example, buried
limestone changes into
marble, as in this cave.




Earth’s upper mantle, just beneath the crust, consists
mainly of very hot peridotite, a green igneous rock.

Dark green imperial jade is one of the rarest
and most precious minerals in the world. 23

r

Elements of Earth’s crust

Planet Earth is mostly made up of the elements iron,
oxygen, silicon, and magnesium, with most of the
iron concentrated in Earth’s core. But Earth’s outer
layer, the crust, is made from minerals of many
different elements, such as silicates (containing
silicon and oxygen). This diagram shows which
elements are most common in the crust.

Other elements (1%)
iron Although some elements,
5% such as sulfur and carbon,
are common in minerals,
they still only make up a
tiny part of the total.

Potassium
2.5%

Silicon
28%

Magnesium
2%
oxygen

Aluminum 47%

8%

Calcium
3% 3.5%

Sodium

r

Native elements

In Earth’s crust, most elements exist combined with
others in mineral compounds. But some, called native
elements, appear in pure form. About 20 elements can
be found in pure form, including metals, such as copper
and gold, and non-metals, such as sulfur and carbon.

Sulfur

Powder and crystals of pure sulfur from volcanic gases
accumulate around volcanic vents. In the rock cycle, it gets
mixed into rocks. It also forms part of many mineral compounds.

Mineral compounds

There are more than 4,000 different kinds of minerals. Scientists classify them
according to which elements they contain, and sort them into a few main groups.
The group name tells which is the main element in all minerals in that group. All
sulfide minerals, for example, contain sulfur. Many minerals exist in ores—rocks
from which metals can be extracted—or as pretty gem crystals (see p.24).

Hematite
This oxide contains lots of iron,
making it an important iron ore.

Rose quartz

This is a pink form of quartz,
one of the silicates made up
of only silicon and oxygen.

Oxides

Different metals combine with oxygen
to form these hard minerals. They are
in many ores, making these valuable
sources of metal. Many make fine gems.

Baryte

The element barium combined with
sulphur and oxygen makes baryte,
which comes in many different forms.

Silicates

All silicates, the most common group,
contain silicon and oxygen. Some include
other elements, too. The rock granite is
made of three silicates, including quartz.

Chalcopyrite

Both copper and iron

can be sourced from ores
containing this sulfide.

Sulfates

A sulfur and oxygen compound combines
with other elements to form sulfates.
Most common are gypsum, which forms
cave crystals (see pp.26-27), and baryte.

Malachite

Copper combines with carbon

and oxygen to give this useful and
decorative mineral its green color.

Carbonates

Compounds of carbon and oxygen
combine with other elements to form
carbonates. Many are quite soft. Some
exist in rocks such as chalk and limestone.

Sulfides

Metals combined with sulfur, but no
oxygen, form sulfides. Sulfides make up
many metal ores. Many are colorful, but
are usually too soft to use as gemstones.

Fluorite

Calcium and fluorine make up
this mineral, which comes in
many different colors.

Halides

These minerals contain one or more
metals combined with a halogen element
(fluorine, chlorine, bromine, or iodine;
see p.40). Rock salt is an edible halide.
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Crystals

A crystal is a solid material, made of atoms set in a repeating 3-D
pattern. Crystals form from minerals when molten magma cools to
become solid rock. Crystals of some substances, such as salt, sugar,
and ice, are formed through evaporation or freezing.

The shapes and colors of mineral crystals depend on the elements from
which they are made and the conditions (the temperature and pressure)
under which they formed. The speed at which the magma cools decides
the size of the crystals. Crystals can change under extreme pressure

in the rock cycle (see p.22), when one rock type changes into another.

Quartz crystals start to form at
temperatures of about 1,700°F (3,090°C).

Quartz crystals
The crystal quartz is one of the most ;‘
common minerals in Earth’s crust. It comes in ,y;g ;
many different forms and colors—but they all Fia e

share the same formula: silicon dioxide, or
Si02. Some of the best known include rock
crystal (transparent), rose quartz (pink),
tiger-eye (yellow-brown), citrine (yellow),
and amethyst (purple). Their beauty makes
them popular for jewelry, whether in natural
form, tumbled, or cut and polished.

Crystal systems
The shape of a crystal
is determined by how
its atoms are arranged.
This decides the
number of flat sides,
sharp edges, and
corners of a crystal.
Crystals are sorted
into six main groups,
known as systems,
according to which
3-D pattern they fit.

Cubic

Gold, silver, diamond,
the mineral pyrite
(above), and sea salt
all form cubic crystals.

Amethyst geode
g A geode is formed when gas
bubbles are trapped in cooling lava.
Crystal St"utures . The crystals lining the walls of the
Crystals have highly ordered structures. This is because the atoms or molecules geode grow when hot substances
in a crystal are arranged in a 3-D pattern that repeats itself exactly over and containing silicon and oxygen, as
over again. Most metals have a crystalline structure, too. well as traces of iron, seep into
the cavities left by the bubbles.
The purple color of '_4“5
amethyst comes from i ».;‘
iron impurities in the =
crystal structure. =
Quartz tetrahedron
The molecule that makes up quartz is in Quartz crystal
the shape of a tetrahedron, made of four A quartz crystal consists of a lattice of
oxygen atoms and one silicon atom. tetrahedrons, repeated in all directions.
r
One mineral, two gem crystals
Crystals of the mineral corundum come in many colors, thanks to different
impurities in the crystal structure. Often cut and polished to be used as
gems, the best known are sapphire (usually blue) and ruby (red).
."- i
The outer shell
of the geode
is normally a
volcanic, igneous
rock such as basalt.
BLUE CORUNDUM: SAPPHIRE CUT RUBY CRYSTAL SET IN A RING
~

Tetragonal

Zircon, a silicate mineral,
is a typical tetragonal
crystal, looking like a
square prism.

Monoclinic

Orthoclase (above)

and gypsum crystals are
monoclinic, one of the
most common systems.

Hexagonal and trigonal
Apatite is a hexagonal
crystal, with six long
sides. Trigonal crystals
have three sides.




The largest quartz crystal cluster in the world is 9.8ft (3m)
tall and weighs more than 30,0001b (14,000 kg).
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Prisms of
rock crystal, a
colorless type
of quartz

The trigonal
crystal system
of quartz is
visible here.

Ice crystals

In an ice crystal, water molecules are aligned hexagonally. These
crystals form when water vapor in the air freezes straight to a solid.
If liquid water freezes slowly, it will form simple hexagonal crystals,
but without the delicate branches and shapes of a snowflake crystal.

The unique pattern
of a snowflake is
based on a six-sided
shape (hexagon).

Snowflake

A snowflake is a
six-sided ice crystal.
Each snowflake

grows into a different
variation on this shape,
depending on how it
drifts down from the
sky. No two snowflakes
are the same.

Sugar and salt crystals

Crystals of sea salt and crystals of sugar are more different than they
look. Salt crystals are highly ordered six-sided cubes, while sugar
crystals are less well ordered hexagonal prisms.

Sea salt belongs to
the cubic crystal
system, but when
the crystals form
quickly they take
a pyramid shape.

Sea salt crystals
Crystals of sea salt
(sodium chloride)

are held together by
ionic bonds (see p.16).
When salt water
evaporates, the
dissolved minerals
left behind form

salt crystals.

Axinite,
a silicate
mineral
(see p.23)

Orthorhombic Triclinic

The mineral topaz forms
beautiful orthorhombic
crystals, often with a
pyramid-like top.

The least symmetrical

of all, triclinic crystals

include axinite (above)
and turquoise.

Liquid crystals

In nature, cell membranes and the solution produced by silkworms to
spin their cocoons are liquid crystals. The molecules in liquid crystals
are highly ordered, but they flow like a liquid.

Liquid crystals at work
Man-made liquid
crystals, such as the
ones seen here, are used
in liquid crystal displays
(LCDs) in TV screens,
digital watches, and
mobile phones. They do
not produce light, but
create clear images by
altering the way light
passes through them.




these scientists are investigating the
largest crystals ever found, in the Giant
Crystal Cave, Naica, Mexico.

The crystals are made of selenite, a form of the
mineral gypsum (calcium sulfate), which is the
main ingredient of plaster and blackboard chalk.
The crystals form very slowly from calcium,
sulfur, and oxygen dissolved in hot water. This
water was heated by magma in a geological fault
beneath the cave. The largest crystals weigh

55 tons and are 39ft (12m) long.
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THE ELEMENTS

Shiny gold, tough iron, smelly chlorine, and invisible oxygen—what
do they have in common? They are all elements: substances made of
only one type of atom that cannot be broken down into a simpler
substance. But they can combine with other elements to form new

substances, known as compounds. Everything around

Atomic number
This is the number
of protons in the

Atomic mass number

An atom'’s mass is
how many protons

atom’s nucleus. The 26 55.845 and neutrons it has.

element iron has an This number shows
atomic number of the relative atomic

26, which means it e mass (the average

has 26 protons (and
26 electrons).

IRON

Us is made up of elements, either in pure form or

combined. Water, for example, is made of the
elements hydrogen and oxygen. There are 118
known elements, of which around 90 exist naturally.
The rest have been created in laboratory experiments.

el

In English, some
element names look
very different to
their symbol. We
say “iron” rather
than “ferrum,"” its
original Latin name.

mass of all an
element’s atoms,
see p.13).

Chemical symbol
An element has the
same symbol all
over the world,
while the name
can be different in

2 different languages.
4 o0 \
The periodic table Elemental information _ . .
2 Be In 1869, the Russian scientist Dmitri Mendeleev came ngrﬂfcﬂi”ngggaéaecw;&en;(gr?tlehfs%eft'ﬁg.qs%\';isn
S up with a system for how to sort and classify all the its atomic number its chemical symbol. and it &
BERYLLIUM elements. In his chart, the atomic number increases > alomic | er, 115 chemica’ symuo), anc 1S
e - . ’ . atomic weight (weights in brackets are estimates for
left to right, starting at the top left with hydrogen, unstable elements). The symbol is an abbreviation
11 12 24305 with an atomic number of 1. Arranging elements in of the element’s original name. This name was often
rows and columns reveals patterns. For example, invented by the person who discovered the element.
3 M g elements from the same column, or group, react in
similar ways and form a part of similar compounds.
S 3 4 5 6 7 8 | 9 10 11 12
19 : 20 %0078) 21 44956 22 47867 23 50942 24 519% 25 54938 26 55845 27 58933 28 58693 29 63546 30 6539
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14 more elements than LANTHANUM CERIUM PRASEODYMIU! NEODYMIUM PROMETHIUM SAMARIUM EUROPIUM GADOLINIUM TERBIUM
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elements in the actinides c a p U m m
group are radioactive.
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Periodic table key

Alkali metals
Alkaline earth metals
Transition metals
Lanthanide metals
Actinide metals
Other metals
Metalloids

Other non-metals
Halogens

Noble gases
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Key to atomic models on pp.30-41.

. electrons
. protons
O neutrons

Models show atoms of the most common isotope.

Other non-metals

These include three
elements essential for life
on Earth—carbon, nitrogen,
and oxygen.
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(cg UNDERSTANDING THE PERIODIC TABLE

Within the table are blocks of elements that behave in similar
ways. On the left are the most reactive metals. Most everyday
metals occur in the middle of the table in a set called the
transition metals. Non-metals are mostly on the right of

the table and include both solids and gases.

Period

Group

Building blocks

The periodic table is made up of rows called periods and columns
called groups. As we move across each period, the elements change
from solid metals (on the left) to gases (on the right).

Periods
All elements in a period have the same number of electron shells
in their atoms. For example, all elements in the third period have
three shells (but a different number of electrons).
12 Shrinking atoms
3 As you move along each
row (period) of the table,
the atoms of each element
contain more protons and
electrons. Each atom
ﬁ has the same number
of electron shells, but
for each step to the right,
there are more positively
charged protons pulling
the shells inward.
This “shrinks” the
atom, and makes it
more tightly packed.

Three electrons
in outer shell.

Two electrons
in outer shell.

One electron in
outer shell.

Groups

The elements in a group react in similar ways because they have the
same number of electrons in their outer shell (see p.13). For example,
while the elements in group 1 all have different numbers of electrons,
and shells, they all have just one electron in their outer shell.

One shell Growing atoms
Atoms get bigger and
heavier as we move down
1 each column (group). This
is because the atoms of
Two shells each element below have
more protons and more
electrons than the element
above. As shells fill up
2 with electrons (see p.13),
a new shell is added each
time we move another
step down a group, down
to the next period.
3

Three shells
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Transition metals

What we usually think of as “metals” mostly belong
to the group of elements known as transition metals.
Most are hard and shiny. They have many other
properties in common, including high boiling points
and being good at conducting heat and electricity.

The transition metals make up the biggest element block in
the periodic table, spreading out from group 3 through to
group 12, and across four periods (see pp.28-29). This wide
spread indicates that, although they are similar in many
ways, they vary in others, such as how easily they react
and what kinds of compounds they form.

Some of these metals have been known for more than
5,000 years. Some were only discovered in the 20th century.
This is a selection of some of the 38 transition metals.

©

SILVER Atomic structure 47 10787
Argentum
Discovered: c.3000 BCE Ag
Like gold and copper, silver was
one of the elements known and

w SILVER

used by the earliest civilizations.
It is valuable and easy to mold
and used to be made into coins.
Today, coins are made of
alloys (see pp.62-63). Silver
is still one of the most
popular metals and is
used for jewelry and
decorative objects.

Chunk of silver

Silver metal reacts with
the sulfur in air, which
produces a black coating.
That is why silver needs
polishing to stay shiny.

©

OSMIUM Atomic structure 76 1023
Osmium P :
Discovered: 1803 If ‘/\ :7‘ OS

) 76
This rare, blue-shimmering (j@ O 116
metal is incredibly dense—a =3t 0SMIUM

tennis ball-sized lump of osmium
would have a mass of 7.71b
(3.5kg). If exposed to air, it reacts
with oxygen to form a poisonous
oxide compound, so for safe use
it needs to be combined with
other metals or elements.

The powder used to detect
fingerprints contains osmium. f

Hard but brittle
This sample of refined osmium

looks solid enough, but the tiny

cracks all over it show that it is

fragile in its pure form.

Earth’s inner core is made up of two
transition metals: iron and nickel.

©

GOLD Atomic structure 79 196.97
Aurum

. se sy . 79
Discovered: c.3000 BCE @J @7 AU
Since ancient times, gold has been \w.;‘\.i:,.r/ O 118
treasured because of its great beauty, \\.‘t%""/ GOLD ]

and also because it doesn't get
damaged by corrosion—-it keeps its
yellow sheen and does not rust.
Easy to shape, it can be seen
in jewelry, Egyptian
masks, building
decorations, and
also in electronics.
It doesn'’t easily
react or form
compounds
with other
elements.

Gold nugget

In nature, pure gold

can be found in nuggets
such as this or, more
commonly, as grains
inside rocks.




Manganese is a transition metal which
exists in tiny traces in nuts and pineapples.

©

The heavy transition metal tungsten has the highest
melting point of any metal: 6,177.2°F (3,414°C).
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COBALT Atomic structure 27 58.933

Cobaltum

Discovered: 1739 co

Cobalt is somewhat similar to iron, L —
COBALT

its neighbor on the periodic table.
The metal is often added to alloys,
including those used to make
permanent magnets.
A cobalt compound has
long been used to
produce “cobalt
blue,” a deep,
vibrant blue for
paints and dyes.

Cobalt color
Extracted from

its ore, pure cobalt
metal is silvery gray
in appearance.

CADMIUM Atomic structure 48 11241
Cadmium

Discovered: 1817 Cd
Although it has some uses in el
industry and laser technology, this CADMIUM

metal is now known to be highly
toxic and dangerous to humans.
If ingested, it can react like
calcium, an essential and
useful element, but will
replace the calcium in

our bones. This causes
bones to become soft

and easy to break.

Poisonous pellet

This sample of pure
cadmium has been
refined in a laboratory.

©

NICKEL -
. Atomic structure
Niccolum 28 58693
[ ]
Discovered: 1751 ® 2
& @ 28 I
This useful metal, which does not rust,
QO 30 _—

is one of the ingredients in stainless NICKEL

-

steel (see p.63). It is also used to
protect ships’ propellers from rusting
in water. Its best-known role is
perhaps in the various alloys
used to make coins, including
the US 5-cent coin that is
called a nickel.

Pure nickel
These samples of
pure nickel have
been shaped into
tiny balls.

©

MERCURY -

Atomic structure 200.59
Hydrargentum 80
Discovered: 1500 BCE Hg
Famous for being the only metal .
that is liquid at room temperature, RS MERCURY

mercury has fascinated people for
thousands of years. Only freezing -
to a solid at near -38°F (-39°C),

it has long been used to measure
temperature. But it is also
poisonous, so thermometers
now use other methods.

Quick liquid
Mercury is also
known as
quicksilver,
and it is easy
to see why.

©
TITANIUM

Titanium
Discovered: 1791

Known for its strength, this metal was named after the Titans,

the divine and tremendously forceful giants of Greek mythology.
Titanium is hard but also lightweight, and resistant to corrosion. This
super combination of properties makes it perfect for use in artificial
joints and surgical pins, but also in watches and in alloys for the
aerospace industry. It is, however, a very expensive material.

Laboratory sample
Although titanium is

a common element in
Earth’s crust, it usually
only exists in mineral
compounds, not as a
native element. Pure
titanium has to be
extracted and refined.

Atomic structure 22 47.867
T L]
When titanium reacts with oxygen —_—
in the air it gets a duller gray TITANIUM "

coating. This actually works as
a protection against corrosion.
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LITHIUM
Lithium
Discovered: 1817

Lithium is the lightest
of all metals. It has
been used in alloys
in the construction of
spacecraft. In more

Atomic structure

- - @:
familiar uses, we find @3
lithium in batteries, and
also in compounds used Ca

to make medicines.

Pure lithium is a soft,
silver-colored metal.

SODIUM

Natrium
Discovered: 1807

So soft it can easily be cut
with a knife and very
reactive, sodium is more
familiar to us when in
compounds such as

Atomic structure

° @1
common salt (sodium ® 1
chloride). It is essential @
for life, and plays a vital O

role in our bodies.

Sodium is so reactive it needs to be

/ stored away from air in sealed vials.

Matier o MORE METALS

POTASSIUM

Kalium
Discovered: 1807

Along with sodium, the
alkali metal potassium
helps to control the
nervous system in our
bodies. We get it from

Atomic structure

@ 10
foods such as bananas, ® 1
avocados, and coconut @
water. It is added to O20

fertilizers and is also
part of a compound
used in gunpowder.

Highly reactive,
potassium is often stored
in oil to stop it reacting.

Radium, the only radioactive alkaline earth metal,
was discovered by Marie and Pierre Curie in 1898.

More metals

Most of the elements known to us are metals. 5
In addition to the transition metals, there are S f
five other metal groups in the periodic
table, featuring a wide range of properties.

The alkali metals and alkaline earth metals
are soft, shiny, and very reactive. The
elements known as “other metals” are
less reactive and have lower melting
points. Underneath the transition
metals are the lanthanides, which

used to be called “rare earth metals,”
but turned out not to be rare at all, and
the radioactive actinides. Whatever the
group, these metals are all malleable, and
good conductors of electricity and heat.

©
MAGNESIUM
Magnesium

Discovered: 1755

12 230

Magnesium is an important
metal because it is both
strong and light in weight.
The oceans are a main source

Atomic structure

of magnesium, but it's quite ® 1
expensive to produce, so

recycling it is crucial. As a ® 12
powder, or thin strip, it is On

flammable and burns with a
bright white light. It is often
used in fireworks and flares.

Magnesium is
refined to
produce a pure,
shiny gray metal.

CALCIUM

Calcium
Discovered: 1808

20 407

. Our bodies are full of
. calcium, the fifth most
common element on
Earth. It makes teeth and
bones strong, which is

Atomic structure

> == @ 20
why it is important to eat s ® 20
calcium-rich foods, such (\@
as broccoli and oranges. O 20

It is also a vital part of
compounds used to make
cement and plaster.

Pure metal samples such as this
one are prepared using chemical
processes. In nature, calcium

is part of many minerals, but

it doesn’t exist on its own.




Aluminum is the most common Uranium, an actinide metal, was the Atoms of the artificial element Moscovium
metal in Earth’s rocky crust. first known radioactive element. break apart as soon as they have been made. 33

©
TIN . :
Stannum w

Discovered: c.3000 BCE

Tin was once smelted with
copper to produce the
alloy bronze—-which led
Atomic structure to the Bronze Age. Today Atomic structure

it is used in alloys to plate

®n is used in alloys o plat /ﬂ ® o

a other metal objects, suc \
. &1 as pots and “tin cans.” @ ® so
014 O 70

ALUMINUM
Aluminium
Discovered: 1825

GALLIUM

Gallium
Discovered: 1875

Light and easy to shape, this metal is the main
part of alloys used for anything from kitchen
foil to aircraft parts. Much of it is recycled, as
extracting it from mineral ores to produce pure
metal is expensive and very energy-consuming.

©

THALLIUM W BISMUTH Atomic structure

Famous as an element with a melting point at just
above room temperature, gallium metal melts in
your hand. In commercial applications, gallium is a
vital element in the production of semi-conductors
for use in electronics.

Thallium Bismuthum ( SO

s O
Discovered: 1861 Discovered: 1753 @ ::Z
Y o

This soft, silvery metal is Bismuth is a curious element. It is what is known as a
toxic in its pure state. It heavy metal, similar to lead, but not very toxic. It is
was commonly put to a tiny bit radioactive. It was not defined as an individual

use as rat poison, but AngiC structure element until the 18th century, but has been known and
sometimes ended up killing o
humans, too. Combined ﬁ{;"ﬂ
with other elements it can z'\{(@}
be useful, for example to "3‘;,:»;/

improve the performance
of lenses.

® 81 used as a material since ancient times. For example in

@ a1 Egypt, at the time of the pharaohs, it added shimmer

o to makeup. It is still used in cosmetics today.
124

Toxic thallium in its
pure form, safely Bismuth crystals

kept in a vial. Brittle and gray in its
pure metal form, bismuth
can produce spectacular
multicolored crystals as
an oxide compound.

Indium
Discovered: 1863

A very soft metal in its
pure state, indium is part
of the alloy indium tin
oxide, or ITO. This material Atomic structure

is used in touch screens
’ 49
LCD TV screens, and as a @ : o
reflective coating @j ;
T2 @)

for windows.
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Metalloids
Pure silicon, such as
this sample refined

Also known as semi-metals, the metalloids are an i:hgt'taet;gr;at;g’

odd collection of elements that show a wide range '

of chemical and physical properties. Sometimes they
act like typical metals, sometimes like non-metals.

One example of their behavior as both is their

use as semi-conductors in modern electronics.

In the periodic table, the metalloids form a jagged diagonal
border between the metals on the left, and the non-metals
to the right. Some scientists disagree regarding the exact
classification of some elements in this part of the periodic
table, precisely because of this in-between status. Some of
the elements shown here are toxic, some are more useful
than others, some are very common, and some very rare.
But they are all solid at room temperature.

©

SILICON Atomic structure 14 28086

Silicium °

Discovered: 1823 ® SI
@ @ 14

Most of us are familiar with 014 | -aTe—

silicon, even if we don’t know it. SILICON

It is the second most abundant
element in the Earth’s crust, only after oxygen, and
appears in many different silicate minerals. Mixed with
other elements, silicon, a typical semi-conductor, is at the
heart of the electronics industry—used in microchips and
solar panels. Silicone baking molds contain silicon, too.

Silicate minerals

Silicon is more or less everywhere, found in the silicate compounds
that are better known to us as sand, quartz, talc, and feldspar,

and in rocks made up of these minerals. Silicates also include
minerals whose crystals make luxurious gems, such as amethyst,
opal, lazurite, jade, and emerald. All these contain silica (silicon
and oxygen), and sometimes other elements, too (see p.23).

Genesis rock

i " Collected on the
b5 5 moon by Apollo 15
g ) in 1971, this rock

H contains feldspar,
T a type of silicate
mineral.

Moon mineral

It is not just on Earth
that silicates abound.
The surface of the moon is
made of 45 percent silica.

Silicate sands

?;f??;'g:;ar Desert sand is_c_hieﬂy
is what gives com_posed of silica,
pink granite a silicon and oxygen
its color. compound with the

chemical name silicon
dioxide. Sand started
out as rock that was
gradually broken up
and eroded into finer
and finer grains. In
the Sahara (left), this
process started some
7 million years ago.

Feldspar minerals

A widespread group of silicate minerals, feldspars
contain aluminum as well as silica, and often other
elements, too, including calcium, sodium, and potassium.
They form common rocks, such as granite. The pretty
crystal called moonstone is also a type of feldspar.




Tellurivm is named after Tellus,
the Latin name for planet Earth.

©

The number of Nobel Prizes won by Marie Curie, whose
daughter Irene also won the Nobel Prize in chemistry. 35
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BO RON Atomic structure
Boron

. ®s
Discovered: 1808

& ®s

A hard element, boron gets even Os
harder when combined with carbon
as boron carbide. This is one of the
toughest materials known, used in Dark and twisted

tank armor and bulletproof vests. Pure boron is extracted

Boron compounds are used to make
heat-resistant glass.

from minerals in the deserts
of Death Valley.

GERMAN'UM Atomic structure | 32
Germanium 0
Discovered: 1886
& @
O a2

In the history of the periodic table,
germanium is an important element.
In 1869, in his first table, Mendeleev
predicted that there would be an
element to fill a gap below
silicon. It was discovered
17 years later, and did
indeed fit there. Today
germanium is used
together with silicon

in computer chips.

Pure germanium
Refined germanium is
shiny but brittle.

ARSENIC
Arsenicum
Discovered: 1250

Atomic structure

@3
O a2

33 7492

Arsenic is an element with a
deadly reputation. Throughout
history, it has been used to
poison people and animals,
in fiction as well as in real
life. Oddly, in the past

it has been used as
a medicine, too.

It is sometimes
used in alloys

to strengthen

lead, a soft,
poisonous metal.

Dark matter
Pure arsenic
can be refined
from mineral
compounds.

©
ANTIMONY
Stibium
Discovered: 1600 BCE

Atomic structure

.

\\“I’ O 70

51 1217

Antimony comes from stibnite,

a naturally occurring mineral that
also contains sulfur. Stibnite
used to be ground up and made
into eye makeup by ancient
civilizations, as seen on
Egyptian scrolls and death
masks. Known as kohl,

its Arabic name, it is still
used in cosmetics in some
parts of the world.

Brittle crystals

This laboratory
sample of refined
antimony is hard but
easily shattered.

©
TELLURIUM

Tellurium
Discovered: 1783

Atomic structure 5 2

@ s2
: : & @ 52
A rare element, in nature tellurium

exists in compounds with other Okl
elements. It has a few specialist
uses. It is used in alloys to make
metal combinations easier to work
with. It is mixed with lead to
increase its hardness, and help
to prevent it being damaged by
acids. In rubber manufacture,

it is added to make rubber
objects more durable.

Refined tellurium

Silvery crystals of tellurium
are often refined from by-
products of copper mining.

©

POLONIUM - —
. Atomic structure 209
Polonium 84 |
Discovered: 1898 ®sa
This highl dioacti d toxi ® o4
IS NIgNIYy radioactive and toxic O 125

element will forever be associated
with the great scientist Marie Curie.
Along with her husband Pierre,

she discovered the element while
researching radioactivity. She
named it after her native Poland.

Uraninite
Tiny amounts of
polonium exist in
this uranium ore.
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Solid non-metals

Unlike metals, most non-metals do not conduct heat
or electricity, and are known as insulators. They have
other properties that are the opposite of those of
metals, too, such as lower melting and boiling points.

On the right side of the periodic table are the elements that

are described as non-metals. These include the halogens and

the noble gases (see pp.40-41). There is also a set known as

“other non-metals,” which contains the elements carbon, sulfur,

phosphorus, and selenium, all solids at room temperature.

All of these exist in different forms, or allotropes. The “other
non-metals” set of elements also includes

a few gases (see pp.38-39).

Raw graphite

The surface of pure
graphite looks metallic
but is soft and slippery.

Raw diamond
Formed deep

underground,
raw diamonds
are found A clear diamond
in igneous crystal like this
(volcanic) can be cut into
rocks. a precious gem.

The human body contains lots of phosphorus,
85 percent of which is in our teeth and bones.

©
PHOSPHORUS
Phosphorus
Discovered: 1669

Atomic structure

OF

15 3097

As a German alchemist boiled urine to
produce the mythical philosopher’s
stone, he discovered a glowing, and
very reactive, material instead. He
named it phosphorus. It has a number
of forms. The two most
common are known as
red phosphorus and
white phosphorus.

Red phosphorus

More stable than white
phosphorus, this form is |
used in safety matches

and fireworks.

White phosphorus
White phosphorus needs to be stored in water
because it bursts into flames when in contact
with air. It can cause terrible burns.

CARBON Atomic structure
Carbonium ®s
Discovered: Prehistoric times

® | ®s
Carbon is at the center of all life. Oe

This element forms the backbone
of almost all the most important
biological molecules. DNA, amino acids, proteins, fats, and sugars all
contain multiple joined carbon atoms, bonded with other atoms, to
form the molecules that make living organisms work. Carbon is in our
bodies, in our food, in plants, and in most fuels we use for heating and
transportation. It appears as crystal-clear diamond as well as soft graphite.

Carbon allotropes

Allotropes are different forms of the same element. Carbon has three
main allotropes: diamond, graphite, and buckminsterfullerene. It is the
way the carbon atoms are arranged and bonded that determines which
allotropes exist, and what their chemical and physical properties are.

Diamond

Diamond, an extremely hard
allotrope of carbon, has its atoms
arranged in a three-dimensional, rigid
structure, with very strong bonds
holding all of the atoms together.

Graphite

The “lead” in pencils is actually clay
mixed with graphite, an allotrope in
which the atoms bond in layers of
hexagons. These can slide over each
other, making it soft and greasy.




The largest rough diamond ever found, mined in
South Africa, was just over 4in (10cm) long.

The Brazil nut is the richest source of the
form of selenium that the human body needs.

37
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SULFUR Atomic structure 16 320s) SELENIUM

Sulfur ® 1 Selenium

Discovered: 1777 ® 1 Discovered: 1817

This element has a distinctive yellow ) 16 Named after the Greek word selene,

color. Many compounds containing

meaning “moon,” selenium exists in

Atomic structure

OF

sulfur have a strong smell—for
example, in rotten eggs and when
onions are cut, it is sulfur that

is at work. In ancient times it
was known as brimstone,

but it was only in 1777

that the French scientist

Antoine Lavoisier

discovered that it was

in fact an element. Ry

Sulfur crystals
Crystals such as
these can be found
near volcanoes
and hot springs
(see p.23).

&
"

three forms: red, gray, and black
selenium. This is an element we

need in just the right amount for

our bodies to stay healthy, and it

is a useful ingredient in anti-dandruff
shampoo, but in some compounds
it can be very toxic.

Gray selenium

The most stable form of pure
selenium is hard and shiny.

Carbon fiber

In modern materials technology, carbon fibers that
are one-tenth of a hair in thickness, but very tough,
can be used to reinforce materials such as metals,
or plastic (as seen above, enlarged many times).

The carbon
atoms are
arranged in

a rigid, stable
structure that
looks like

a football.

Buckminsterfullerene

Nicknamed a buckyball, buckminsterfullerene is
any spherical molecule of carbon atoms, bonded
in hexagons and pentagons. There are typically
60 atoms in a “ball.” They exist in soot, but also in
distant stars, and were only discovered in 1985.

Carbon fossil fuels

The substances we call hydrocarbon or fossil fuels include coal, natural gas, and oil. These fuels
were formed over millions of years from decaying dead organisms. They are made up mainly
of carbon and hydrogen, and when they burn they produce carbon dioxide gas (see p.50-51).

Coal

A long, slow process turned
trees that grew on Earth some
300 million years ago into coal
that we can mine today. As
dead trees fell, they started to
sink deep down in boggy soil.
They slowly turned into peat,
a form of dense soil, which
can be burned when dried.
Increasing heat and pressure
compacted the peat further,
turning it into lignite, a soft,
brown rock. Even deeper down,
the intense heat turned the
lignite into solid coal.

. 0il drill
0il and natural gas

The crude oil that is used to
make diesel and gasoline is
known as petroleum, meaning
“oil from the rock.” Millions

of years ago, a layer of dead
microorganisms covered the
seabeds. It was slowly buried
under mud and sand, gradually
breaking down into hydrocarbons.
Heat and pressure changed mud
into rock and organic matter
into liquid, or gas. This bubbled
upward until it reached a

“lid” of solid rock, and an oil

(or gas) field was formed.

Oil or gas field

PRESSURE

Buried plant
material

Peat

Lignite

Drier
lignite
Coal

Solid rock, blocking the oil
or gas from rising further

Porous
rock,
letting oil
and gas
through

Organic
material
exposed to
heat and
pressure
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Hydrogen, oxysgen,
and nitrogen

Among the non-metal elements, these three gases are vital
to us in different ways. A mixture of nitrogen and oxygen
makes up most of the air we breathe, while hydrogen

is the most abundant element in the universe.

Each of these gases has atoms that go in pairs: they exist
as molecules of two atoms. That is why hydrogen is written
as Hz, oxygen as 02, and nitrogen as Na. All three elements
are found in compounds, such as DNA and proteins,

that are vital for all forms of life on Earth.

©

Hydrogen in the universe

Although rare in Earth’s atmosphere, hydrogen makes

up more than 88 percent of all matter in the universe. Our
sun is not much more than a ball of very hot hydrogen. The

HYDROGEN Atomic structure hydrogen fuses together to produce helium (see p.41), the
Hydrogenium second element in the periodic table. In the process, a vast
: ®: amount of energy is produced.
Discovered: 1766
@1
Hydrogen is the simplest Oo

of all the elements.

Its lightest, and most

common, isotope has atoms made of a single
proton and a single electron, but no neutrons.
Hydrogen gets its name from the Greek hydro
and genes meaning “water forming;” when it
reacts with oxygen it makes water, or Hz0.

Hydrogen as fuel

A very reactive element that will burn easily, hydrogen
can be used as a fuel. When mixed with oxygen, it forms
an explosive mixture. The rocket of a spacecraft uses liquid
hydrogen, mixed with liquid oxygen, as fuel. In fuel cells,
used in electric cars, the chemical reaction between
hydrogen and oxygen is converted to electricity. This
combustion reaction produces only water, not water and
carbon dioxide as in gasoline-fueled engines, making

it an environmentally friendly fuel.

N |TROGEN Atomic structure

Nitrogenium

. 7
Discovered: 1772 ®

® ) &7

In a nitrogen molecule (N2), Q7

the two atoms are held
. together with a strong

triple bond. The molecule is hard to
break apart, which means nitrogen
does not react readily with other
substances. It is a very common
element, making up 78 percent of
the air on Earth. It is extremely
useful, too. We need it in our bodies
and, as part of the nitrogen cycle (see
p.186), it helps plants to grow. Where
plants and crops need extra help, it is
added to fertilizers.

Explosive stuff Liquid nitrogen

Molecules of nitrogen are not reactive, but many Nitrogen only condenses to liquid if it is
compounds containing nitrogen react very easily. cooled to -321°F (-196°C). This means that
These are found in many explosives, such as TNT, it is extremely cold in liquid form, instantly
dynamite, and gunpowder, and in fireworks, too. freezing anything it comes into contact with.
On its own, compressed nitrogen gas is used to safely This is useful for storing sensitive blood

but powerfully blast out paintballs in paintball guns. samples, cells, and tissue for medical use.




Jupiter seas of liquid hydrogen As a gas, transparent
hydrogen in its atmosphere its liquid form pale blue 39
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OXYGEN Atomic structure 8 1599
Oxygenium N @8 \
Discovered: 1774 & ) @s 0
J i
The element that we depend on to stay alive, \\./) Os
oxygen was only recognized as an element in the e __ OXVGEN OZONE LAYER

late 18th century. Many chemists from different

countries had for years been trying to work out

precisely what made wood bum, and what al.r was UV radiation from the
made of, and several came to 5|m|I_ar conclusions sun is absorbed by
at roughly the same time. Oxygen is useful the ozone layer.
to us in many different forms and roles,

some of which are described here.

Most of the harmful

— — = The ozone

layer encircles

Fire Earthata
. . height of

Three things are required for a .
fire to burn: there must be fuel, 65 000 ft

a source of heat such as a match, (20km).
and oxygen gas. Without oxygen,

no combustion (burning) can take

place. Some fire extinguishers

spray a layer of foam on the fire

to prevent oxygen feeding it.

Air

Approximately 21 percent, or one fifth, of the air in Earth’s
atmosphere is oxygen gas. In the lower atmosphere, the oxygen
we breathe is the most common form of oxygen—molecules
made up of two oxygen atoms (02). Higher above us, however,

is the ozone layer that protects us from harmful ultraviolet rays
from the sun. Ozone (0s) is another form, or allotrope, of oxygen,

If a burning candle is with three oxygen atoms in its molecules.

placed in a jar, once
the oxygen in the jar
has been used up the
flame soon flickers
and goes out.
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Life on Earth q
Our planet is the only one that has oxygen in its atmosphere.
This is necessary for us to breathe. Oxygen is produced by Life
photosynthesis, the process by which plants produce the food All animals need oxygen to break
they need to live and grow. Water-which enabled life in the first down food and produce energy in a
place, millions of years ago, and is crucial to the survival of life in vital process called respiration.

all forms—also contains oxygen. Even the ground is full of oxygen,

in the form of different mineral compounds (see pp.22-23). Land

Most of Earth's crust is made of
rocks that contain oxygen compounds,
such as these granite boulders.

Water

Perhaps the most important
compound on Earth, water
covers two thirds of our planet.
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Halogens and
noble gases

On the right-hand side of the periodic table
are the non-metals known as halogens
(group 17) and noble gases (group 18).

The word “halogen” means “salt-forming,” and
refers to the fact that these elements easily form
salt compounds with metals. These include sodium
chloride—common table salt—and those metal salts
that give fireworks their colors, such as barium
chloride which makes green stars. The noble gases
don’t form bonds with other “common” elements
and are always gases at room temperature.

Seaweed and seafood are good sources
of iodine, which we need in our diet.
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BROMINE

Bromum
Discovered: 1826

One of only two elements that are
liquids at room temperature (the
other is mercury), bromine is toxic
and corrosive. It forms less harmful
salt compounds, such as those found
in the Dead Sea in the Middle East.

A liquid halogen

A drop of pure, dark orange-brown
bromine fills the rest of the glass
sphere with paler vapor.

©

FLUOR'NE Atomic structure

Fluor

Discovered: 1886 ®
& ®o

A pale yellow gas, fluorine is an O 10

incredibly reactive element. On its

own, it is very toxic, and ready to
combine with even some of the least
reactive elements. It will burn through
materials such as glass and steel. When
added to drinking water and toothpaste in
small doses, it helps prevent tooth decay.

Calming mixture

In this glass vial, fluorine
has been mixed with the
noble gas helium to keep

it from reacting violently.

CHLORINE
Chlorum
Discovered: 1774

Atomic structure

Like its periodic neighbor fluorine,
chlorine is a very reactive gas. It is so
poisonous that it has been used in
chemical warfare, in World War |

for example. It affects the lungs,
producing a horrible, choking

effect. Its deadly properties

have been put to better use

in the fight against typhoid

and cholera: when added

to water supplies, it kills

the bacteria that cause

these diseases. It is also

used to keep swimming

pools clean, and in

household bleach.

Chlorine is a /

pale green gas.

IODINE Atomic structure 0
lodium Zo
Discovered: 1811 @ :53
) ) ! \\ 53
The only halogen that is solid at room \Mé O 7a

temperature, iodine will sublime, which -
means it turns straight from a solid
into a gas. It can be used as a
disinfectant in medicine, and
it is an essential element
for human health,
in small amounts.

lodine
sublimation
The dark purple,
almost black
solid turns into

a paler gas.
©

TENNESSINE
Tennessine
Discovered: 2010

Atomic structure 117 8
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A latecomer among the halogens, this
artificial element only got its name in
2016, six years after being created. It
doesn’t exist naturally, but is produced, a few atoms at a time, by crashing
smaller atoms into one another until they stick together. The element is so
new that so far, almost nothing is known about its chemistry. It is named
after the US state of Tennessee, home to the laboratory where much of
the research into making it took place.




Fluorine used to

nonstick pans

create

discovered in the cloud of gas

Helios, the Greek god of the sun
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NEON

Neon
Discovered: 1898

Neon might be the most well-known
of the noble gases because of its
use in bright advertising signs and
lighting. Like the other members of
the noble gases group, it is inert
(doesn't react with other elements),
and quite rare. Neon is present in
air in small quantities; in fact, air is
the only source of this element. To
extract the neon, air is cooled until
it becomes liquid. Then it is heated
up again and, through distillation,
the different elements present in air
can be harvested as they vaporize.
Neon can be used as a refrigerant
and, when combined with helium,

it can be used in lasers.

Atomic structure
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When electricity is passed
through neon gas, it glows a
stunning red. In fact, only
red neon signs are actually
made of neon. Other “neon”
colors come from other
noble gases—argon, for
example, gives blue colors.

Neon red?

©
HELIUM
Helium
Discovered: 1895
Helium is a very light gas;

only hydrogen is lighter.
That is why it is put in all

kinds of balloons. Airships,
weather balloons, and party
balloons can all be filled
with the gas to make them
rise and remain in the air.
Helium is very unreactive.

Atomic structure
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Because of this, it forms
few compounds. Like
neon, it can also be
used as a cooling agent.

Dying star
The Crescent Nebula is made of gases thrown off by a
dying star. Most of what remains of the star is helium,
produced by millions of years of nuclear fusion.

Welding flame

Argon gas is used in welding to prevent water
vapor and oxygen gas reacting with the metal.

©
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ARGON
Argon

Discovered: 1894

After nitrogen and oxygen, argon

is the third most abundant gas in
Earth’'s atmosphere. It is unreactive
in nature, and doesn’t conduct heat
very well. Its name, from the Greek
word argos, even means “idle.”

It can be put to good use, however—
for example in welding and to
protect fragile museum artifacts
from decaying in oxygen-rich air.

RADON
Radon

Discovered: 1900

Radon is a colorless gas which is
released from minerals in the ground
that contain the element uranium.
Dangerously radioactive, radon can
be a serious health risk. Breathing it
in can cause lung cancer. It is present
everywhere, but usually at very low
levels. In areas where higher levels
of radon are likely, home radon
testing kits are sometimes provided.

Volcanic mud
Radon is present in volcanic springs and the mud surrounding
them. Scientists often monitor the levels to make sure the
groundwater in the area is safe to drink.
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CHEMICAL
REACTIONS

A chemical reaction is what happens
when one substance meets and reacts
with another and a new substance is

formed. The substances that react

together are called reactants, and those
formed are called products. In a chemical
reaction, atoms are only rearranged,

never created or destroyed.

REACTION BASICS

Chemical reactions are going on around us all
the time. They help us digest food, they cause
metal to rust, wood to burn, and food to rot.
Chemical reactions can be fun to watch in a
laboratory—they can send sparks flying, create
puffs of smoke, or trigger dramatic color
changes. Some happen quietly, however,

Reactants and products

The result of a chemical reaction is a chemical
change, and the generation of a product or
products that are different from the reactants.

Often, the product looks nothing like the reactants.

A solid might be formed by two liquids, a yellow
liquid might turn blue, or a gas might be formed
when a solid is mixed with a liquid. It doesn't
always seem as if the atoms in the reactants are
the same as those in the products, but they are.

Chemical equations
The “law of conservation of mass” states that

mass is neither created nor destroyed. This applies

to the mass of the atoms involved in a reaction,
and can be shown in a chemical equation.

Reactants are written on the left, and products on

the right. The number of atoms on the left of the

arrow always equal those on the right. Everything

is abbreviated: “2 H." means two molecules of
hydrogen, with two atoms in each molecule.

A change in color
of a substance
often indicates
that a reaction
has happened.

) DIFFERENT REACTIONS

There are many types of reaction. They vary depending on
the reactants involved and the conditions in which they take
place. Some reactions happen in an instant, and some

take years. Exothermic reactions give off heat

while endothermic reactions cool things down.

The products in a reversible reaction can turn

back into the reactants, but in an irreversible

reaction they cannot. Redox reactions

involve two simultaneous reactions:

reduction and oxidation.

0:0->00

SYNTHESIS REACTION: ATOMS OF TWO OR

MORE REACTANTS JOIN TOGETHER

00->0:0

DECOMPOSITION REACTION: ATOMS OF ONE
REACTANT BREAK APART INTO TWO PRODUCTS
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DISPLACEMENT REACTION: ATOMS OF ONE TYPE SWAP PLACES
WITH THOSE OF ANOTHER, FORMING NEW COMPOUNDS

without us even noticing. The important fact
behind all these reactions is that all the atoms
involved remain unchanged. The atoms that

were there at the beginning of the reactions

are the same as the atoms at the end of the

reaction. The only thing that has changed is
how those atoms have been rearranged.

REACTANT 1

2 HYDROGEN
MOLECULES
(2H2)

REACTANT 2

3.

1 OXYGEN 2 WATER
MOLECULE MOLECULES
(02) (2 H20)

Bonds are
broken and
reformed.

REACTION

PRODUCT

Three Kinds of reaction 4
Reactions can be classified in three main groups

according to the fate of the reactants. As shown above,
in some reactions the reactants join together, in others
they break apart, and in some their atoms swap places.

Dirty
exhaust in

A car's catalytic
converter contains
a catalyst made
of platinum

and rhodium.

Carbon monoxide
and unburned fuel
are converted to
harmless carbon
dioxide and water
as they pass through
the converter.

Cleaner
exhaust out

Catalysts

Catalysts are substances that make
chemical reactions go faster. Some
reactions can't start without a catalyst.
Catalysts help reactants interact, but they
are not part of the reaction and remain
unchanged. Different catalysts do different
jobs. Cars use catalysts that help reduce
harmful engine fumes by speeding up
their conversion to cleaner exhausts.




Quick or slow?

Bread dough made with yeast rises slowly through fermentation.
In this process, chemical compounds in the yeast react with sugar
to produce bubbles of carbon dioxide gas, which make the dough
rise. With baking soda, the reaction is between an acid and an
alkali, which generates carbon dioxide in an instant.
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Reversible or irreversible?

Rusting is a redox reaction that, like

an apple going brown, is irreversible.

In a reversible reaction, certain products
can turn back into their original reactants.

Hot or cold?

It takes energy to break the bonds
between atoms, while energy is
released when new bonds form.
Often, more energy is released than it
takes to break the bonds. That energy
is released as heat, such as when a
candle burns. This is an exothermic
reaction. If the energy released is
less than the energy required to
break the bonds, the reaction takes
energy from its surroundings and
both become colder. That reaction

is endothermic.

Redox reactions

Redox reactions involve
reduction (the removal
of oxygen, or addition of
electrons) and oxidation
(the addition of oxygen
or removal of electrons).
When an apple turns
brown in the air, a
chemical inside the apple
is oxidized, and oxygen
from the air is reduced.

(05 WHY DO REACTIONS HAPPEN?

Different chemical reactions happen for different Reacts with
reasons, including temperature, pressure, and the water
type and concentration of reactants. Chemical
reactions involve the breaking and making of bonds
between atoms. These bonds involve the electrons in EETTY
the outer shell of each atom. It is how the electrons
are arranged in atoms of different elements that
decides which atoms can lose electrons and which MAUNESIUM
ones gain them.
£ ALUMINUM Reacts
3 wlth
Why do atoms react? » diluted
: . ) ZINC acids
Atoms that can easily lose electrons are likely to react with atoms £
that need to fill their outer shell. There are different types of bonds s
depending on how the atoms do this: covalent, ionic, and metallic g
(see pp.16-17). A water molecule (below) has covalent bonds. =
By sharing electrons, hydrogen atoms get COPPER
two electrons in their outer shell, and the
oxygen outer shell is also full, with eight.
Hardly
» reacts
OXYGEN at all
ATOM (0) ;
H H H _» H Metal reactivity series
A reactivity series sorts elements according to
how readily they react with other elements. The
HYDROGEN HYDROGEN WATER most reactive is at the top; the least reactive at
ATOM (H) ATOM (H) MOLECULE (H:0) the bottom. It helps predict how elements
will behave in some chemical reactions.

Potassium
Potassium is the most reactive metal in
the series. Adding a lump of potassium
to water causes the potassium to react
instantly: it whizzes around on the
surface of the water and bursts into
spectacular flames.
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Fascinating formula

The chemical formula of a compound tells you which elements are
present, and in what ratio. The compound sulfuric acid (H2S0.) is made
of molecules that each contain two hydrogen atoms, one sulfur atom,
and four oxygen atoms.

H:S O.

4 OXYGEN
ATOMS

Sulfuric acid

o
o 00 T4%0

o0

e

2 HYDROGEN
ATOMS

OO

1 SULFUR

Ice cream gets its different flavors from
both natural and synthetic compounds.

Compounds

When two or more elements join together by
forming chemical bonds, they make up a new, different
substance. This substance is known as a compound.

Compounds are not just mixtures of elements. A mixture can
be separated into the individual substances it contains, but

it is not easy to turn a compound back into the elements that
formed it. For example, water is a compound of hydrogen and
oxygen. Only through a chemical reaction can it be changed
back into these separate elements. A compound is made of
atoms of two or more elements in a particular ratio. In water,
for example, the ratio is two hydrogen atoms and one oxygen
atom for every water molecule.

Great ways to bond

There are two types of bond that can hold the atoms in a compound
together: covalent and ionic (see pp.16-17). Covalent bonds form between
non-metal atoms. lonic bonds form between metal and non-metal atoms.

Covalent compounds lonic compounds

Calcium carbonate is
found in egg shells,
but also in harder
seashells.

Salt lowers the freezing
point of water, so it is
used for melting ice
and snow on roads.

Best of both

Covalent compounds, such as sugar, form
molecules in which the atoms form covalent
bonds. They melt and boil at lower temperatures
than ionic compounds. When they dissolve in
water, they do not conduct electricity.

lonic compounds consist of ions. An ion is an
electrically charged particle, formed when an
atom has lost or gained electrons. lons bond
together, forming crystals with high melting
points. Salt is an ionic compound.

Most compounds combine ionic and covalent
bonding. In calcium carbonate, for example,
calcium ions form ionic bonds with carbonate
ions. Each carbonate ion contains carbon and
oxygen atoms held together by covalent bonds.

Nothing like their elements

When atoms of different elements join

to make new compounds, it is hard to tell
what these elements are from looking at the
compound. For example, no carbon is visible
in carbon dioxide (CO2), and no sodium in
table salt, or sodium chloride (NaCl).

Na

Sodium

Look what they have become

Salt, which
contains the
elements sodium
and chlorine,
looks nothing
like either.

Agas =
Cl NacCl
Chlorine Sodium chloride

In chemical reactions, atoms from different elements regroup into new, different atom combinations.
The resulting substances often look, and feel, completely different, too. For instance, sodium is a shiny
metal, and chlorine is a pale green gas, but together they make sodium chloride (salt), a white crystal.

Pyrite, a form
of iron sulfide

Iron sulfide

Iron sulfide, a compound of iron and sulfur,
exists in several forms. Iron filings and yellow
sulfur powder can be fused together to form
a black solid called iron (II) sulfide (FeS). The
mineral pyrite (FeSz, above), known as “fool’s
gold,” is another form of iron sulfide. Unlike

iron, neither of these compounds is magnetic.




The year the first plastic, Parkesine, was presented
to the public. It was used to make buttons.

186

Cellulose, a natural polymer, is used to make
cellophane, often used in candy wrappers.
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Polymers

Some molecules join together in a chain to form long polymers
(meaning “many parts”). The smaller molecules that make up

the polymer are called monomers. There are many important
polymers in living things. Cellulose, which makes up wood, is the
most abundant natural polymer on Earth. The DNA in our bodies,
and starch in foods such as pasta, rice, and potatoes are also
polymers. Polymers can be man-made, too. Synthetic polymers
include a vast array of different plastics.

Polyethylene A Clear, lightweight but strong and
terephthalate 1 heat-resistant. Good barrier to gas,
Z | s moisture, alcohol, and solvents.
PET or PETE
High-density A Tough: can be stretched without
polyethylene 2 breaking, and easy to process.
Z s Resistant to moisture and solvents.
HDPE
Polyvinyl chloride A Strong; resistant to chemicals and oil.
3 Rigid PVC is used in construction;
Z s flexible PVC in inflatables.
PVC
Low-density A Flexible and tough, can withstand
polyethylene 4 high temperatures. Good resistance
LA to chemicals. Easy to process.
LDPE
Polypropylene Tough, flexible, and long lasting.
High melting point. Resistant to
L& fats and solvents.
PP
Polystyrene A Can be solid or foamed. Good for
6 insulation and easy to shape, but
z slow to biodegrade.
PS
Miscellaneous Other plastics such as acrylic,
nylon, polylactic acid, and plastic
Z s multi-layer combinations.
Miscellaneous

What makes a polymer
A polymer is like a long
string of beads, with
each bead, or monomer,
in the string made up
of exactly the same
combination of atoms.
Shorter ones, with just
two monomers, are
called dimers, while
those with three are
known as trimers.

Polyethylene polymer

A string of ethene monome
is known as polyethylene
(or polyethene/polythene).
There are several thousand
ethene monomers in a
palyethylene polymer.

rs

Tl Fla

The monomer ethene is

made up of two carbon atoms

and four hydrogen atoms.

e Water bottles
e FOOd jars
e Ovenproof film

e Milk containers
e Trash cans with wheels
e Juice bottles

e Pipes
e TOys and inflatables
e Flooring

e Plastic bags
e Snap-on lids
e Six-pack rings

e Hinges on flip-top lids
e Plastic medicine bottles
e Concrete additives

e Disposable foam cups
e Plastic cutlery
e Packaging

e Baby bottles
e Safety glasses
e “Ink” in 3-D printers
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Corrosive power
Strong acids and alkalis can cause
serious burns to skin. Very strong
acids and alkalis can burn through
metal, and some can even dissolve
glass. While dangerous, their
corrosive power can be useful,

for instance, for etching glass
or cleaning metals.

Rain is naturally acidic (pH5), but burning fossil fuels that release
polluting nitrogen oxides and sulfur dioxide makes it more acidic.

Acids and bases

Chemical opposites, acids and bases react when
they are mixed together, neutralizing one another.
Bases that are soluble in water are called alkalis.
All alkalis are bases, but not all bases are alkalis.

Bases and acids can be weak or strong. Many ingredients
in food contain weak acids (vinegar, for instance) or alkalis
(eggs), while strong acids and alkalis are used in cleaning
products and industrial processes. Strong acids and alkalis
break apart entirely when dissolved in water, whereas
weak acids and alkalis do not.

Is it an acid or a base?

The acidity of a substance is measured by its number of hydrogen
ions—its “power of hydrogen” or pH. Water, with a pH of 7, is a
neutral substance. A substance with a pH lower than 7 is acidic;
one with a pH above 7 is alkaline. Each interval on the scale
represents a tenfold increase in either alkalinity or acidity. For
instance, milk, with a pH of 6, is ten times more acidic than water,
which has a pH of 7. Meanwhile, seawater, with a pH of 8, is

ten times more alkaline than pure water.

Hydrogen ions (H*)
determine whether a solution is an
acid or an alkali. Acids are H* donors
while alkalis are H* acceptors.

The pH scale

Running from O to 14, the pH scale is related to the
concentration of hydrogen ions (H*). A pH of 7 is neutral.
A pH of 1 indicates a high concentration of hydrogen ions
(acidic). A pH of 14 shows a low concentration (alkaline).

Stomach acid Vinegar is a Apples are Milk is
is corrosive. weak acid. acidic. slightly acidic.

Pure water is slightly Baking soda
is neutral. alkaline. has a pH of 9.

The litmus test

A version of the litmus test has been used for hundreds of years
to tell whether a solution is acidic or alkaline. Red litmus paper
turns blue when dipped into an alkali. Blue litmus paper turns
red when dipped into an acid.

Red coloring Blue coloring
indicates acid. indicates alkali.

Seawater
Drain cleaners are
strong alkalis.

The universal indicator test
Indicator paper contains several
different chemicals that react,
turning a range of colors in
response to different pH values.
Dipping indicator paper into an
unknown solution reveals its pH.




Soapy water is
strongly alkaline.

Gardeners use coffee grounds to lower the pH
of soil around acid-loving plants such as roses.

Stomach acid is almost as corrosive as battery acid, but our
stomachs produce a mucus that protects us from damage.
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It's all about the ions

The difference between an acid
and an alkali comes down to their
proportion of positively charged
particles called hydrogen ions (H*).
When an acidic compound is
dissolved in water, it breaks

up, releasing H* ions: it has an
increased proportion of positively
charged ions. When an alkaline
compound dissolves in water

it releases negatively charged
particles called hydroxide ions
(OH). Acids are called H* donors;
alkalis are called H* acceptors.

Acid

There are more positively
charged H* ions than negatively
charged OH" ions in an acid.

Base

There are more negatively
charged OH" ions than positively
charged H* ions in an alkali.

Neutral

A neutral solution contains
equal numbers of positive
H* and negative OH" ions.

Mixing acids and bases

The reaction between an acid and an alkali produces water and a
salt. It is called a neutralization reaction. The H* ions in the acid
react with the OH- ions in the alkali, resulting in a substance that is
neither acid nor alkali. Different acids and alkalis produce different
salts when they react.

Neutralization formula

When hydrochloric acid (HCI) reacts with the alkali sodium hydroxide
(NaOH), they produce a neutral solution that consists of water (H-20)
and a well-known salt—sodium chloride (NaCl), or table salt.

Acids and bases in agriculture

Farmers monitor soil pH levels carefully. Soils are naturally acidic
or alkaline, and different crops prefer a higher or lower pH.
Farmers can reduce the soil pH by adding certain fertilizers, or
raise the soil pH with alkalis, such as lime (calcium hydroxide).

Kitchen chemistry

The Kitchen is a great place to see acids and alkalis in action. Weak
acids—found in lemon juice and vinegar—can preserve or improve
the flavor of food. When baking, we use weak alkalis present in
baking soda to help cakes to rise. Strong acids and alkalis are key
ingredients in a range of cleaning products. They are so powerful
that protective gloves must be worn when using them.

Many drain cleaners
contain a strong alkali.

Cleaning products
A strong alkali, such as sodium
hydroxide (caustic soda), can
break down hair and fats that
clog drains. This destructive
power explains why cleaning
products must be handled
carefully. Acids react with
limescale (alkaline calcium
carbonate) and are used to
descale showers and keep
taps shiny.

Blockage
of fat

Sodium hydroxide
destroys the blockage.

Bubbles made by
carbon dioxide

Baking powder

Added to flour to help
cakes rise, baking powder
contains an acid and an
alkali, which react together
when a liquid and heat
are added. The reaction
produces bubbles of
carbon dioxide that push
the cake mixture upward.







Crystal forest

If you dip a piece of pure metal into a solution in
which another metal is dissolved, something quite
magical may happen.

These delicate crystals have formed on a piece of zinc placed in

a solution of lead nitrate. The magic is in fact a chemical reaction
known as metal displacement, seen here in a photograph taken
through a microscope. The more reactive metal (zinc) displaces

the less reactive metal (lead) from its nitrate compound, so instead
of lead nitrate and zinc, we end up with pure lead and a solution of
zinc and nitrate ions. The lead atoms join together in regular
patterns, forming crystals of pure lead.
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Combustion

Combustion is the reaction between a fuel-such
as wood, natural gas, or oil-and oxygen. The
combustion reaction releases energy in the form
of heat and light. Fuel needs a trigger (a match or
a spark) before combustion can start.

Combustion is at work in bonfires, fireworks, and when we
light a candle. But more than just a spectacle, it is essential to
the way we live. Most of the world’s power stations generate
electricity using the combustion of fossil fuels such as coal, oil,
and gas. Most cars, semi trucks, boats, and planes are driven
by engines powered by combustion. Scientists are working
hard to create alternatives to what is now understood to be

a potentially wasteful and harmful source of energy. But for
now we all rely on it to keep warm and to get where we need.

Space rockets use combustion to
take off, fueled by liquid hydrogen.

Campfire chemistry

Dry wood contains cellulose
(made of the elements carbon,
hydrogen, and oxygen). It burns
well in oxygen, which makes up
about one fifth of air.

Carbon dioxide
Carbon dioxide (CO2) is
produced when wood
burns. Known as a
greenhouse gas, it
contributes to global
warming if there is
too much of it in

the atmosphere.

\. J

oxygen

For combustion to work, there needs to be a

good supply of the element oxygen. Oxygen

in the air exists as molecules made up of two
oxygen atoms, with the chemical formula O-.

A balanced reaction

During combustion, substances known as reactants are
transformed into new substances called products. The
reaction rearranges the atoms of the reactants. They swap
places, but the number of each is the same. Energy (heat
and light) is released when the bonds that hold the initial
molecules together are broken and new ones are formed.

CHa + 20: — CO: + 2 H:0 + ENERGY
methane oxygen carbon water
dioxide
Methane combustion

Above is the reaction formula for the combustion of methane
(natural gas). The number of carbon (C), hydrogen (H), and
oxygen (0) atoms is the same on each side of the arrow,

but the substances they make up have changed.

Water vapor

The combustion of
cellulose, which makes up
about half the dry mass
of wood, produces water
(H20) as well as carbon
dioxide (CO2). In the heat
of a fire, the water
evaporates as steam.




Early man first learned to make

The year French chemist Antoine Lavoisier
fire around 1 million years ago.

proved that oxygen is involved in combustion. 5 1

177

Fuel efficiency and the environment
Different fuels release different amounts of energy.

Heat and light
. Combustion releases

o o

o

- energy in the form of heat They also produce different amounts of carbon dioxide
and light. Although it can when they burn. Wood is least efficient and produces
feel very hot at the top the most carbon dioxide, which makes it the least
of the flame, the hottest environmentally friendly fuel.
part of a flame is the
blue area near its base. Energy values of different fuels

B Energy content (kJ per gram of fuel)
W Quantity (mg) of carbon dioxide released per kJ of energy
:’ - » Y, 100
90
¢ 9 "
2/ ) 60
# Combustion triangle 50 i
‘: These three ingredients—fuel, oxygen, and 4
\ heat—are all essential for combustion. Removing 3 |
any one of them will extinguish a fire. 5 ! ]
| g I Il =
0 =

Fuel: firewood
Wood contains a material called

A 0 e &

cellulose. It consists of long molecules Natural gas Petrol Coal Wood
known as polymers (see p.45). Each

polymer is made of a chain of smaller

identical parts, called monomers. Each Fireworks

monomer in cellulose has six carbon

atoms, ten hydrogen atoms, and five
oxygen atoms, so its formula is CsH10Os.

e

Monomer in
cellulose, repeated
again and again.

Oxygen

Carbon

Hydrogen

Fireworks shoot up in the air and explode into colorful

displays thanks to combustion. The fuel used is charcoal,
mixed with oxidizers (compounds providing oxygen) and
other agents. The colors come from different metal salts.

Sodium salts make

" vellow stars.

Green comes from A
barium salts. %ﬁg
i

| N
Copper salts mixed 2\ k
with red strontium %’(«% Copper salts

salts make purple. ﬁ;ﬁ&\\\\ make blue stars.

\
‘ )

Display

Released from the
head into the sky, each
little “star” explodes to
reveal its particular color.

Explosion

The next reaction
happens when the fire
reaches the section filled
with explosives and little
“stars” of metal salts.

Fire passing
through the charge
toward the head.

Lift-off

A lit fuse reaches
the lift charge and sets
off the first combustion.
This propels the rocket
high into the sky.

Head packed with
explosives that
produce the colors

Lift charge filled G
with explosive fuel

Time delay fuse

The fuse is lit to
trigger the initial
reaction.

e ——




52 matier o ELECTROCHEMISTRY

Electrochemistry

Electricity and chemical reactions are closely linked,
and together fall under the heading electrochemistry.
Electrochemistry is the study of chemical processes
that cause electrons to move.

An electric current is a steady flow of electrons, the tiny negative
particles that whizz around in the shells of atoms. Electrons can flow
in response either to a chemical reaction taking place inside a battery,
or to a current delivered by the main electrical grid.

Electricity is key to electrolysis. This process is used in industries to
extract pure elements from ionic compounds (see p.44) that have been
dissolved in a liquid known as an electrolyte. Electrolysis can also be
used to purify metals, and a similar process can be used to plate (cover)
objects with a metal. The result depends on the choice of material of
the electrodes and, in particular, the exact contents of the electrolyte.

179

The year Italian scientist Alessandro Volta
invented the first electrical battery.

lons and redox reactions

Chemical reactions where electrons are transferred
between atoms are called oxidation-reduction (redox)
reactions. Atoms that have lost or gained electrons
become ions, and are electrically charged. Atoms that
gain electrons become negative ions (anions). Atoms
that lose electrons become positive ions (cations).
These play an important role in electrolysis.

A
ATOM ANION
(NEGATIVE ION)

_Z>
CATION
(POSITIVE ION)

Reduction
Reduction is “gain
of electrons.”

Oxidation
Oxidation is “loss
of electrons.”

Electrolysis

lonic compounds contain positive and
negative ions. They can be separated using
electricity, by a process called electrolysis.
If electricity passes through an electrolyte
(an ionic compound that has been
dissolved in water), the negative ions

in the electrolyte will flow toward the
positive electrode and the positive ions
will flow toward the negative electrode.
The products created in the process will
depend on what is in the electrolyte.

This diagram shows how water (H-0)

can be split back into its original pure

Battery

The battery has

a negative (-) and a
positive (+) terminal.

Positive electrode

)
This positive electrode, x&‘

known as an anode, is made

-]

\

elements, oxygen and hydrogen. The

of platinum, a metal.

two gases can be trapped and collected
as they bubble up along the electrodes.

\\

Water as electrolyte

The electric current makes each
neutral water molecule (H:20) split
up into electrically charged ions:
a positive hydrogen ion (H*) and a
negative hydroxide ion (OH").

The oxygen

atoms bond (see
p.17) to form oxygen
gas molecules (02).

The negative

hydroxide ions
(OH") are attracted to
the positive electrode,
where they lose
electrons and become
neutral oxygen atoms.

i '
WATER MOLECULE
Oxygen
atom Hydrogen
atom
Hydroxide Hydrogen
ion ion
\, v,

In the electrolyte,

water molecules
split up into ions as
current passes through.

&

@

<]

E

Electric current

As electrons start flowing
through the electrodes and back
toward the positive terminal,

an electric current runs through
the whole apparatus.

Negative electrode
This negative electrode,
known as a cathode, is
also made of platinum.

Electrolyte

This electrolyte is just
water (H20). It conducts
electricity generated by
the flow of electrons.

—

The hydrogen
atoms bond to
form hydrogen gas

W_ molecules (Ha).
c

The positive
hydrogen ions
(H*) are attracted to
the negative electrode,
where they gain
electrons and become
neutral hydrogen atoms.

In the electrolyte,

water molecules
split up into ions as
current passes through.




1 807 The year British chemist Sir Humphry Davy discovered
the elements potassium and sodium through electrolysis.

The human body contain electrolytes that regulate nerve
and muscle functions, which rely on a weak electric current. 53

Electroplating

Similar to electrolysis, electroplating is a process that coats a cheaper metal
with a more expensive metal, such as silver. To turn a cheap metal spoon
into a silver-plated spoon, the cheap metal spoon is used as a cathode
(negative electrode) and a silver bar is used as the anode (positive
electrode). These two electrodes are bathed in an electrolyte that contains
a solution of the expensive metal, in this case silver nitrate solution.

Battery

This power supply has a
cheap metal spoon connected
to its negative terminal.
A silver bar is connected
to the positive terminal.

Oxidation

When an electric current
is switched on, silver loses
electrons at the anode and is
oxidized. Positive silver ions
enter the silver nitrate solution.

Reduction
I The positive silver ions
are attracted to the negative
cathode. When they arrive,
they gain electrons and are
reduced. Metallic silver coats
the spoon cathode.

Gray tarnish
showing that
oxidation has
taken place.

Oxidation in air

Silver oxidizes when
exposed to air, so silver
plated items eventually
lose their shine as a gray
tarnish forms on the
surface. Polishing removes
the tarnish but the plating
might be damaged.

Purifying metals

The copper that is extracted from copper ore is not pure
enough to become electrical wiring. It has to be purified
by electrolysis. Impure copper acts as the anode, and pure
copper as the cathode. These electrodes lie in a solution
of copper sulfate.

Battery Electric current
running through

the apparatus.

Anode (+)
s ™
made of | 3 [ Cathode ()
impure made of
copper. pure copper.
— Positive copper
ions move over
to the cathode.
Impurities
collect at the . Electrolyte
bottom. _ﬂ conducting
\ J electricity.

Electrorefining

Pure copper is used to make electrical wiring and
components. Here you can see copper purification,
called electrorefining, being carried out on a massive
scale in a factory, in the process described above.

Galvanizing

Steel or iron can be
prevented from rusting
(a form of oxidation) by
coating them in the metal
zing, a process called
galvanizing. These nails
have been galvanized.

Electrochemistry in batteries

Batteries turn chemical energy into electrical energy
(see p.92). This is the opposite of electrolysis, which
turns electrical energy into chemical energy. In a
battery, it is the anode that is negative and the
cathode that is positive. The reaction at the anode is
still oxidation and at the cathode it is still reduction.

Cathode (manganese dioxide), Anode (zinc and Brass pin
mixed with alkaline electrolyte. carbon paste) conducts
electrons

Positive to the
terminal negative

(steel cap) terminal.

Negative
terminal

ALKALINE
BATTERY
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Hot metal

Ignite a mixture of chemicals called thermite and you'll
need to stand back! These chemicals react together very
quickly, producing enormous amounts of heat.

A thermite reaction is a spectacular display, but also serves a practical
purpose: it is used to extract molten iron from iron oxide for welding.
It takes a lot of heat to start the reaction, which then releases enough
heat to melt the iron. The process most commonly uses a mixture of
iron oxide and aluminum. A slim ribbon of magnesium is inserted into
the mixture as a fuse. When ignited, it starts the reaction, breaking
the bonds between the iron and oxygen atoms. Aluminum then bonds
with the released oxygen, producing more heat. This in turn breaks
more bonds and melts the leftover iron.







MATERIALS

The word “materials” describes the kind of matter
we use for making and building things. Every object
is made of a material—-a hard material or a soft
material, a rough or a smooth, a multicolored or

a plain gray one. Nature has come up with millions
of different materials, and people have developed
millions more. You might think that is more than
enough materials, but researchers are continually
discovering amazing new natural materials, and
inventing incredible new synthetic materials.

é NATURAL OR SYNTHETIC?

People have used natural materials—such as wool, leather, and
rubber—for thousands of years. Today we also make materials
using chemicals. These synthetic materials have unique properties
and make us less reliant on precious natural materials, but they
can be difficult to dispose of in an environmentally friendly way.

Natural leather

Leather is made from animal skin.
People have worn leather since the
Stone Age, and still do. Leather can
be molded into shape, retains heat,

is fairly waterproof, and resists tears.

Synthetic trainer

The synthetic materials in this sports
shoe offer several advantages over
leather. They are easier and cheaper
to produce, and have more flexibility,
but they probably won't last as long.

CHOOSING MATERIALS

Different materials suit different purposes—there is no single
“best material.” It all depends on what you want a material to
do. Among their many properties, materials vary according

to how hard they are, what they feel like, how strong or elastic
they are, and whether or not they are waterproof.

Properties of materials

This chart lists some of the properties we need to think about when
choosing a material for a certain product, and some common materials.
Some of these properties are relative: marble, for example, is hard, but
for a rock it is quite soft, which is why sculptors have chosen it to carve
into statues since ancient times.

Material Hardness Texture

From soft (balsa) to Rough unless

Wood hard (mahogany) polished

e Glass Very hard (does not Smooth

WL flex under pressure)

‘ _.E;E). T — One of the hardest Smooth when cut

~dg materials known

g Marble Hard (but soft Smooth

L 4 for a rock)

.ra> Wool Soft natural fibers Rough or smooth
9 Kevlar® Hard synthetic fibers Smooth
J@ Nion Hard synthetic Smooth

@ Steel Hard metal alloy Smooth

ar Soft metal Smooth

@ Copper

Composite materials

Sometimes the properties of one
material are not enough, so two or
more materials are combined into

a composite. There are different
composites. Concrete is made from
strong stones, sand to fill the gaps,
and cement to bind it all together.

It stays together thanks to a chemical
reaction that sets it. It can be made
even stronger by adding steel bars in
wet concrete. Fiberglass is a type of
plastic reinforced with glass fibers.

It is lightweight and easy to mold,
and is used to make anything from
bathtubs to boats and surfboards.

Strength

Strength varies

Not very strong;

shatters on impact

Strong

Strong

Strong fibers

Strong

Strong

Strong

A weak metal

Concrete
reinforced
with steel bars
makes a house
wall stronger.

Elasticity

Can be elastic
or rigid

Not elastic

Not elastic

Not elastic

Elastic in wool
yarn and clothing
Elastic

Elastic in tights;

less so in rope

Elastic, particularly
in springs

Not elastic

Water resistance

Some woods are

more waterproof

Waterproof

Waterproof

Waterproof

Not waterproof

Waterproof

Waterproof

Waterproof

Waterproof




(‘S LASTING MATERIALS

Materials last for different lengths of time. Some materials decay

in a matter of weeks, while some last for tens of thousands of years.
The materials that survive for millennia provide a fascinating
window into the way our ancestors used to live.

Viking long ship

Several Viking longships dating back
more than a thousand years have been
discovered intact in burial mounds.
These ships were built of wood such
as oak. Wood normally decays after
a few hundred years, but the
organisms that break it down need
oxygen. There was no oxygen supply
around the ships that lay buried, so the
wood survived. Hulls of sunken wooden
sailing ships survive underwater for
the same reason.

The Oseberg ship,
dating from 800 CE,

was found in a burial
mound in Norway.

Roman amphitheater

Rome’s Colosseum is made

of several materials—a rock
called travertine; another rock
made of volcanic ash, called
tuff; and concrete. It was built
in 80 CE as an amphitheater.
Since then it has been through
wars and used as housing,
factories, shops, and a fortress,
but the basic materials have
remained in place.

) NEW MATERIALS

Material scientists—chemists, physicists, and engineers—research
and deliver a steady stream of exciting new materials. Some
materials resist damage, some heal themselves. There are plastics
that conduct electricity, and wall coverings that reduce pollution.
Environmental concerns are leading to materials designed to use
fewer natural resources and to decompose without harmful waste.

Nanotechnology

Nanotechnology deals with materials
that are between 1 and 100 nanometers
wide or long. A nanometer is a millionth
of a millimeter (making a housefly about
5 million nanometers long). This means
new materials can be designed by
moving and manipulating atoms.

This fabric is
coated with
water-repellent
nanoparticles
made of
aluminium oxide.

Aerogel

Aerogels are incredibly lightweight.
Normal gels have a liquid and a solid
component. In aerogels, the liquid is
replaced by air—more than 99.8 percent
of an aerogel is air. It protects from both
heat and cold. Possible uses include
insulation for buildings, space suits, and
sponges for mopping up chemical spills.

The surface

of a lotus leaf

is naturally
“nanostructured”
to repel water.

é REUSING AND RECYCLING

Reusing and recycling materials reduces the need to produce

ever more of the materials we use a lot. This helps conserve raw
materials, and cuts harmful carbon emissions. Materials production
today considers the full life-cycle of a product—from reducing the
raw materials and energy needed to produce it in the first place,

to preventing materials from ending up in landfills and oceans.

The recycling sorting process

Different materials must be recycled in separate ways, and some things
that get put in recycling bins cannot be recycled at all. The vast amount
of materials we throw away gets processed in huge recycling centers.

Trucks unload _
mixed recyclables. Cardboard items are

Workers remove removed for shredding.
non-recyclables. Shredded cardboard is mixed
with water and chemicals

and turned into pulp.

A sorter separates A finishing screen
different grades separates objects by
of paper, which dimension. Flat paper
are prepared is separated out; 3-D
for pulping. containers drop down.

OPTICAL
SORTER
y

) I _
b Steel objects
. are removed

by magnet.

Glass bottles and jars
are screened out and
shattered. The shards
fall down into a
separate container.

Crushed steel, broken
glass, and bales of
aluminum and plastics are
sent to manufacturers to
be made into new things.

OPTICAL
SORTER

] A clever
{ device known
: as an eddy

An optical or current

manual sorter separator

separates pushe; out

plastics by resin alum_mum

code (see p.45). objects.

0™ 00
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Natural materials '

Early humans learned to use the materials they found around them
to make tools, clothes, and homes. Many natural materials are still
used in the same way, while others are combined to make new ones.

Some natural materials come from plants (for example wood, cotton, and rubber),
others from animals (silk and wool), or from Earth’s crust (clay and metals). Their
natural properties—bendy or rigid, strong or weak, absorbent or waterproof—have
been put to good use by humans for millions of years. People have also learned to
adjust these properties to suit their needs. Soft plant fibers and animal wool are
spun into longer, stronger fibers. Animal skins are treated to make leather to wear.
Skins were also used to make parchment to write on; now we use paper made from
wood. Metals are mixed to make stronger materials called alloys (see pp.62-63).

6 oo The number of trees needed
to build a medieval warship.

Materials from animals

Animals, from insects to mammals, are a rich
source of materials. The skin of pigs, goats,
and cows can be treated and turned into
leather. Caterpillars called silkworms spin
themselves cocoons that can be unraveled
into fine silk threads. Sheep grow thick,
waterproof hair that can be cut off, or shorn,
and spun into wool thread used for knitting
or woven into fabrics.

Silk

Silkworms and their moth parents have been
farmed for more than 5,000 years. A cocoon
can produce up to 2,950ft (900m) of silk thread
that can be made into beautiful fabrics.

Wool

Sheep have been bred for their wool for more than
6,000 years. An average sheep produces wool for
about eight sweaters a year—or 60 pairs of socks.
Today, wool is often mixed with acrylic fibers.

The silk used for
these bright scarves
has been dyed. Natural
silk is pale in color,
and its tone depends
on what the silkworms
are eating.

Different breeds of sheep
produce different types of wool.

»

TN
S i
\ Wool yarn

Wool is washed, then spun
into long fibers, and dyed.

Materials from plants

Plant materials have played a key role in
humanity’s success as a species. Wood has
provided shelters, tools, and transportation,
while cotton and flax (a plant used to make
linen) have clothed people for thousands of
years. Plant materials can be flexible or rigid,
heavy or light, depending on the particular
combination of three substances in their cell
walls: lignin, cellulose, and hemicellulose.

Latex and rubber

Today, a lot of rubber is synthetic, but
natural rubber comes from latex, a fluid that
can be tapped from certain types of trees.

It contains a polymer that makes it elastic.

Cotton

Fluffy cotton, consisting mainly of cellulose,
protects the cotton plant’s seeds. It is picked and
spun into yarn or thread. The texture of cotton
fabrics vary depending on how they are woven.

Wood

Different types of wood have different
properties, including color, texture, weight, and
hardness, making them suitable for different
things. Wood pulp is used to make paper. A lot
of wood is harvested from wood plantations.




Bamboo, a fast-growing, treelike grass, can be turned into a fabric that
is soft, breathable, and absorbs sweat, making it good for sportswear.

Glass was first made in Ancient Egypt
and Mesopotamia in around 2,000 BCE.
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Keeping it natural
Natural materials, such as rubber, cotton,
and different types of wood, are used in
a wide range of everyday items, such as
the ones seen here.

Vulcanized tires

Adding sulfur to natural rubber,
a process called vulcanization,
increases its durability.

Elastic, not plastic
Rubber gloves

are often made
of flexible latex.

Thin but strong
Cellulose polymer chains line up together
to give cotton thread its strength.

AV
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Absorbent cotton

Cotton is great for towels and
cotton swabs as it is soft and
can absorb up to 27 times

its weight in water.

Cotton swabs

Steady support

Lignin is the substance that holds
cellulose and hemicellulose fibers
together and makes wood stiff and
strong—useful properties for ladders.

Curved wood
Some woods, such as maple
and spruce, can be bent into
shape using steam. They are
good for making violins and
other string instruments.

Materials from Earth’s crust

Earth materials range from sand, clay, and rocks to minerals and
metals. Materials from the earth have always been important for
building. If you look at buildings, you can usually see what materials
lie underground in the area—flint or slate, sandstone, limestone,
marble, or clay. These materials are also essential for practical and
decorative cookware, earthenware, and utensils.

Clay and clay products
Clay, a mixture of the minerals silicon
dioxide and aluminum oxide, has
many uses. To make bricks, natural
clay is mixed with water and pressed
into shape before being dried.
It is then baked at very hot
temperatures to make it
waterproof. Pottery is made
in a similar way, but with
clay of finer particles.

Earthenware
pottery is fired

at temperatures
of around 1,830°F
(1,000°0).

Sand and glass
Glass is made from sand. It is usually
the sand common in deserts, which
consists of the mineral silica. Beach
sand often has traces of other
substances, making less clear glass.
Carefully chosen additives color the
glass. The ingredients are melted
together at 2,732°F (1,500°C) before
being shaped into window panes,
drinking glasses, or bottles.

Eyeglass lenses
used to be made
of pure glass.
Today they are
often plastic.
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~~ Hookandloop
—— =~ Most people are familiar with Velcro®, a quick g

and easy fastener on clothing, shoes, and bags.
This is what it looks like close-up.

This false-colored image, captured by an electron |
microscope, shows the small, soft loops (blue) that . //;j
catch in the sturdy hooks (green) when the two strips ff:

are pressed together. Velcro® is made from nylon or -
polyester. It was invented by the Swiss engineer Sy
George de Mestral in 1941, after he noticed that .
hooked burdock seeds stuck to his dog’s fur and
to his own clothing.
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Alloys

An alloy is a mixture of at least two different elements,
at least one of which is a metal. Alloys are used to
make many things, including car and airplane parts,
musical instruments, jewelry, and medical implants.

In many alloys, all the elements are metal. However, some
alloys contain non-metals, such as carbon. The ingredients
of an alloy are carefully chosen for the properties they bring
to the alloy, whether to make it stronger, more flexible, or
rust-resistant. All alloys have metallic properties, are good
electrical conductors, and have advantages over pure metals.

187

The year that the Eads Bridge, the world’s first bridge all
made of steel, opened for traffic across the Missouri River.

Early alloys
The first man-made alloy was bronze. It was developed
around 5,000 years ago by smelting (heating) copper
and tin together. This was the start of the
Bronze Age, a period in which this new,
strong alloy revolutionized the making
of tools and weapons. Some thousand
years later, people learned to make

brass from copper and zinc.

Bronze weapons

Bronze can be hammered thin,
stretched, and molded. These
objects, made in Mesopotamia
around 2000 BCE, were designed to
fit on a mace (a clublike weapon).

Atomic arrangements

It is how the atoms are arranged in a material that decides how it
behaves in different conditions. Atoms of pure metals are regularly
arranged, but in alloys this arrangement is disrupted. The atoms of the
main component of an alloy may be of a similar size, or much bigger,
than those of the added one. They can be arranged in several ways.

Identical atoms
of pure metals

Pure metals

The atoms in a pure metal such as gold (left)
are neatly arranged. Under pressure, they will
slide over one another, causing cracking.

® ® © &— Zinc atoms replace
® copper atoms in a brass
® L alloy used for trumpets.

Substitutional alloys

Atoms of the added component take up almost
the same space as atoms of the main one. This
distorts the structure and makes it stronger.

& e Tiny carbon atoms sit
e e e between large iron atoms,
Y making steel very strong.
Interstitial alloys

These alloys, such as steel used for bridges,
are strong: smaller atoms fill the gaps between
larger ones, preventing cracking or movement.

Interstitial carbon atoms
and substitutional nickel
¢ - or chromium atoms make
® ® @ stainless steel strong as
00 o well as non-rusting.

Combination alloys

Some alloys have a combination of atom
arrangements to improve their properties.
An example is stainless steel, used in cutlery.

Alloys in coins

Coins used to be made of gold and silver, but these metals are too
expensive and not hard-wearing enough for modern use. Several
different alloys are used for coins today. They are selected for
their cost, hardness, color, density, resistance to corrosion,

and for being recyclable.

EU €2-coin

Outer ring: copper (75%),
nickel (25%). Center: copper
(75%), zinc (20%), nickel (5%).

British £1-coin

QOuter ring: copper (76%), zinc
(20%), nickel (4%). Inner ring:
copper (75%), nickel (25%).

Egyptian £1-coin

Outer ring: steel (94%), copper (2%),
nickel plating (4%). Inner ring: steel
(94%), nickel (2%), copper plating (4%).

Australian $1-coin
Copper (92%), nickel
(2%), aluminum (6%).




Sterling silver, used in most silver jewelry,
is in fact an alloy, containing 7.5 percent copper.

Mercury makes up about half of amalgam, an alloy sometimes
used as dental filling; the rest is silver, copper, and tin.
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Clever alloys

All alloys are developed to be an
improvement on the individual
metals from which they were

made. Some alloys are an extreme
improvement. Superalloys, for example,
have incredible mechanical strength,
resistance to corrosion, and can
withstand extreme heat and pressure.
These properties makes them very
useful in aerospace engineering, as
well as in the chemical industries.
Memory alloys, or smart alloys,

often containing nickel and titanium,
“remember” their original shape.

With the help of just
heat, this bent frame
will snap back to its
original shape.

Memory alloys

An object made from a memory alloy can return to
its original shape if it has been bent. Simply applying
heat restores the alloy to the shape it was in.

Superalloy used in jet engine

Superalloys

These high-performance alloys hold their
shape in temperatures close to their high
boiling points of around 1,832°F (1,000°C).

Spanish piece-of-eight

These legendary Spanish coins were made of
silver. From the 15th to the 19th centuries,
they were used throughout the vast Spanish
Empire, and in other countries, too.

Japanese 50-yen coin
Copper (75%) and nickel (25%).

US dime (10-cent) coin
Copper (91.67%) and
nickel (8.33%).

Swedish 10-krona coin

An alloy known as “Nordic gold,”

also used in euro cents: copper (89%),
aluminum (5%), zinc (5%), tin (1%).

Aluminum alloys

The metal aluminum is lightweight,
resistant to corrosion, and has a
high electrical conductivity. It is
useful on a small scale (as foil, for
example) but, because it is soft,

it needs to be alloyed with other
elements to be strong enough to
build things. Aluminum alloys

are often used in car bodies

and bicycle frames.

Light, rust-proof
frame made of an
aluminum alloy

Steel

Iron, a pure metal, has been used since the
Iron Age, some 3,000 years ago. But although
it is very strong, iron is also brittle. There
were some early iron alloys, but the strongest
one, steel, came into common use during the
Industrial Revolution in the 19th century.
There are two ways of making steel: it can be
produced from molten “pig iron” (from iron

Fume hood Oxygen is
letting blown into
gases out the molten iron.

Ve

keeps the alloy liquid.

When the
furnace is
tipped, the hot
steel pours out
of the spout.

Basic oxygen steelmaking (BOS)

0Oxygen is blown through molten “pig iron” and
scrap metal to reduce its carbon content and
other impurities. Then alloying elements are
added, turning the molten metal into steel.

Excess carbon and other

elements react with oxygen,
turning into gas or forming a
top layer of slag. The heat
produced in the reaction

ore) and scrap metal in a process called basic
oxygen steelmaking (BOS), or from cold scrap
metal in the electric arc furnace (EAF) process.
Impurities, such as too much carbon, are
removed, and elements such as manganese
and nickel are added to produce different
grades of steel. The molten steel is then
shaped into bars or sheets ready to make

into various products.

High-current
connection

Electrode for
electricity to
pass through

Air vent

Electric “arc”
melting the
scrap metal

Tap for
pouring
out the
steel

Electric arc furnace (EAF)

Cold scrap metal is loaded into the furnace. An
electric current forms an “arc” (a continuous spark),
which melts the metal. The final grade of steel is
determined by adding alloying elements.
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Materials technology

1 billion tons of plastics have
been made since the 1950s.

Synthetic materials are born in laboratories. Using their knowledge
of elements and compounds, chemists can develop new materials

with unique properties, created for specific tasks.

Materials created artificially perform different functions depending on their
chemistry—the arrangements of their atoms or molecules, and how they react.
Research constantly brings new materials to meet new challenges, ranging
from synthetic textiles and biodegradeable plastics to the vast

range of high-performance materials
that make up a racing car.

Brakes

Adding carbon fiber to brake
discs keeps them light and
able to resist temperatures
of up to 2,192°F (1,200°C).

Exhaust
This is formed from a 0.04inch
(1 mm) thick heat-resistant steel
alloy first made for the
aerospace industry.

Engine

Precise regulations decide
which materials can be used
for the many parts of a
Formula One engine—no
composites are allowed.

Fuel tank

Combining bullet-proof
Kevlar® and flexible
rubber keeps the tank
light, strong, and less
likely to crack on impact.

Racing car r

Formula One cars rely on materials Outer shell
that can withstand extreme heat and of carbon
pressure. The structure must be rigid fiber and

resin, lined

in some parts and flexible in others; With Kevlar®.

some parts are heavy while some
have to be light. The drivers are also
exposed to heat and pressure—and
speeds over 200mph (320km/h)—and
rely on synthetic materials to keep
safe. Their clothing is made with layers
of Nomex®, a fire-resistant polyamide
(a type of plastic) used for fire and
space suits. Kevlar®, similar to Nomex®

s i Lightweight
but so strong it is bullet proof, is used plastic foam
to reinforce various car parts as well protects driver
as the driver’'s helmet. from impact.

_

Fire-resistant
Nomex® lining
transfers heat
away from head
and absorbs sweat.

Polycarbonate
visor provides
protection and

Kevlar® chin
strap.

S

clear visibility.

Helmet anatomy

Drivers are subjected to extreme
G-forces when braking and
cornering. This puts great strain
on their necks. To help keep
their heads up, their helmets
must be as light as possible.
Highly specialized materials
are used for the helmets,

which need to be light and
comfortable, yet strong

and able to absorb impacts

and resist penetration in

case of an accident.




lightest man-made aerogel waterproof superglue used to heal wounds
fireproof sticky slime mussels 6 5

Mimicking nature
Many synthetic materials
were invented to replace
natural materials that were
too hard, or too expensive,
to extract or harvest.

For example, nylon was
invented to replace silk

in fabrics, and polyester
fleece can be used instead
of wool. Ever advancing
technology makes it

Survival cell possible to imitate some
The monocoque, or survival cell, surrounds the amaZIng mater.lals_v such as
cockpit where the driver sits. It is made of a strong, spider silk, which is tougher
stiff carbon-fiber composite that can absorb the full than Kevlar®, stronger than
energy of an impact without being damaged. Carbon steel, yet super flexible.

fiber is much lighter than steel or aluminium,
helping the car go faster and use less fuel.

Steering Wheel

A carbon-fiber steering wheel fits The wheels are made from one piece of

into a carbon-titanium column, lightweight magnesium alloy under an 11,000-ton
designed to deform on impact. press. Alloys are man-made (but not synthetic)
materials, produced by mixing metals with metals
or other elements (see pp.62-63).

Suspension
Many parts of the suspension
system are made of carbon fibers,
which are aligned so that the
structure is very strong.

Bodywork
An ultra-light layer of strong
carbon fiber so thin you can
see through it reinforces the
car's body.

Tires
Kevlar® and carbon fibers are layered
with reinforced rubber compounds.
Different compounds are used to cope
with different track conditions.







ENERGY AND FORCES

Energy and forces are essential concepts in science; nothing can
happen without them. Forces change the motion of an object,
and energy is behind everything that changes—from a flower
opening to an exploding bomb. The amount of energy in the
universe is fixed; it cannot be created or destroyed.
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The modern age
Scientific discovery and
technology go hand in
hand as astronomers and

¥ CEomm SRR
physicists use computer ) Mg)?;;-“%"l;"i'ﬁ Big Bang theory b A
science and particle Relativity = NERS Belgian priest and physicist Georges Lemaitre.
accelerators to expand our Einstein’s General Theory of Relativity comes up with the theory of an ever-expanding
knowledge of the universe explains that what we perceive as gravity is universe that began with the Big Bang—the
) an effect of the curvature of space and time. source of all energy and forces.
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Radio waves | ! T
German physicist ' 1 ‘
Heinrich Hertz f ;

proves that i 1876
electromagnetic | . .
waves exist. /| / Combustion engine

A\ German engineer Nikolaus Otto
\ develops the internal combustion
engine. It uses understanding
gained over two hundred years
i of how the temperature,
| volume, and pressure of
- gases relate. ... S

RADIO MAST

B

e

VZ;

Absolute zero
Scottish scientist Lord Kelvin calculates
the lowest possible temperature—at which
oTTO'S particles almost cease to v‘ibrate—as
ENGINE -460°F (-273°0), calling it absolute zero.

1886

Discovering |
energy and forces -

People have been asking questions about how
the world around them works, and using science
to find answers for them, for thousands of years.

Gravity
English scientist
Isaac Newton

(left) explains
how gravity
works after an
apple falls on

his head.

ISAAC

From the forces that keep a ship afloat and the magnetism that e sce

helps sailors to navigate the oceans with a compass, to the atoms
and subatomic particles that make up our world and the vast
expanses of space, people through history have learned about the
universe by observation and experiment. In ancient and medieval
times, as the tools available to study the world were limited, so

was knowledge of science. The modern scientific method is based

on experiments, which are used to test hypotheses (unproven ideas).
Observed results modify hypotheses, improving our understanding

of science. _
P
‘ !

Wave theory of light
Dutch scientist Christiaan
Huygens announces his theory
that light travels in waves. This
is contested by Newton's idea
that light is made of particles.

Ancient and medieval ideas

The ancient Greeks and Romans
used debate to help them
understand the universe,

while Arab and Chinese scholars

Buoyancy
The Greek thinker
Archimedes realizes
the force pushing

studied mathematics and natural upward on an object Magnetic compass Light vision

phenomena such as rainbows in water is equal to The Chinese create primitive Arab scholar Alhazen suggests

and eclipses. the weight of water compasses with lodestone, a that light is emitted from objects
displaced. naturally occurring magnet. into the eye, not the reverse.

240 BCE 200 BCE 1011 CE




BOMBE CODE- Nuclear energy

\ a'}&‘:l'l""’éc Italian-American physicist HiTghges :?gs;snboson

[« Enrico Fermi leads a particle is identified

. % US team that builds the confirming the

Computer science ﬁ A world's first nuclear Standard Model
British code-breaker Alan Turing 7 " R G fission reactor. In of particle physics
develops the first programmable ¥ w 1945, the first atomic developed in
computer, laying the foundations Wi L bomb is dropped LARGE HADRON the 1970s
of modern computer science. NUCLEAR EXPLOSION on Hiroshima. COLLIDER '

1936 1942 2012

1831 1799

f P Timeline of discoveries
Since ancient times,

Current electrici
i debate and experiment

Italian inventor

Electromagnetic induction
After electricity and

Energy conservation
German physicist

A magnetism are linked. ~—.._ Alessandro Volta creates have led to discoveries
Helmhotz states English scientist el - an electric current by that further human
that energy Michael Faraday (58 % g stacking disks of zinc, understanding of how
cannot be created uses electromagnetic T . g Cos%%irég?r? scjlrtdvt\)/g?grjin the world works—but
or destroyed, mductlgn to generate e ¢ »\ it by B there are still many
it can only PERPETUAL S - _— aﬁer?at\)ettayers : questions left
change its form. FARADAY'’S COIL rst battery.
g MOTION MACHINE £ answer.
VOLTAIC
PILE
1712
Static electricity

Steam engine
Thomas Newcomen, an
English engineer, builds
the world's first practical
steam engine. It is
followed by James Watt's
more efficient engine
and Richard Trevithick's
steam locomotive.

German scientist
Ewald Georg von

Kleist invents the

Leyden jar, a
device that can
store a static

electric charge and
release it later.

The Industrial Revolution
Scientific principles understood
by the 18th century were applied
to large-scale practical machines
during the Industrial Revolution.
The power of electricity was
unlocked, which led the way
for a surge in new technology.

~ LEYDEN
JAR

~

1643 1600
-~ A S y SEEE— k'%_.,

A : . LSl Gaueos Earth’s magnetism
Atn)ospherl_c pressure Falling bodies : T " EXPERIMENT English scientist
Italian physicist ‘ In a letter to theologian - 11[ WITH FALLING = | N
Evangelista Torricelli Paolo Sarpi, Italian ubl [\\ BODIES William Gilbert
creates a simple == | scientist Galileo outlines e ﬂl \ theorizes tha; the 5
barometer that ft his theory that all R = AN Y R LU T @ %
demonstrates objects fall at the - l I LGS TEETEE Ml
atmospheric same rate, regardles / %
pressure. BAROMETER of mass or shape.

‘g\ A new age of science
—\ The scientific revolution, from the
e =N mid-16th to the late 18th centuries,
"‘}\ transformed understanding of
\ =2, astronomy and physics. This
* —é period saw the development
-

GILBERT'S
Solar system MAGNET

Polish astronomer
Nicolaus Copernicus
states that the Earth
and planets orbit
around the sun.

Bending light
German monk
Theodoric of Freiburg
uses bottles of water
and water droplets
in rainbows to
understand refraction.

of the scientific method of
experiment and observation.

NICOLAUS COPERNICUS

1300 1543




ENERGY

Energy is all around us—the secret power behind
everything in our world, from a bouncing ball to an
exploding star. Energy is what makes things happen.
It is what gives objects the ability to move, to glow
with heat and light, or to make sounds. The ultimate
source of all energy on Earth is the sun. Without
energy, there would be no life.

TYPES OF ENERGY

Energy exists in many ﬂ)) Sound energy
different forms. They are all Whlf" ObJe_CfS V_'brite, they
closely related and each one make particles in the air

. vibrate, sending energy
can change into other types. waves traveling to our ears,

which we hear as sounds.

| | Potential energy Heat energy
| This is stored energy. 6 Hot things have more
Climb something, and energy than cold ones,
because the particles
inside them jiggle
around more quickly.

O you store potential
energy to jump, roll,
or dive back down.
Mechanical energy Electrical energy
Also known as elastic Electricity is energy
energy, this is the carried by charged
potential stored in particles called electrons

stretched objects, moving through wires.
such as a taut bow.

Nuclear energy
Atoms are bound
together by energy,
which they release
when they split apart
in nuclear reactions.

Light energy

Light travels at high
speed and in straight
lines. Like radio waves
and X-rays, it is a type of
electromagnetic energy.

Chemical energy ‘ Kinetic energy

Food, fuel, and batteries FB= Moving things have
store energy within the ""7 kinetic energy. The
chemical compounds heavier and faster they
they are made of, which are, the more kinetic

is released by reactions. energy they have.

Measuring energy

Scientists measure energy in joules (J). One joule
is the energy transferred to an object by a force
of 1 newton (N) over a distance of 1 meter (m),
also known as 1 newton meter (Nm).

« Energy of the sun

The sun produces four
hundred octillion joules
of energy each second!

« Energy in candles

A candle emits 80J-or
80W-of energy (mainly
heat) each second.

« Energy of a light bulb
An LED uses 15 watts
(W), or 15, of electrical
energy each second.

« Energy in water

To raise water temperature
1.8°F (1°C) takes 1 calorie
(1/1,000 Kilocalories).

« Energy in food

The energy released by
food is measured in kilo-
calories: 1kcal is 4,184 J.

« Tiny amounts of energy
Ergs measure tiny units
of energy. There are

10 million ergs in 1J.

3.3FT(1M)
iN

&

Lifting an apple

One joule is roughly
equivalent to lifting
an apple 3.3ft (1m).

(5 CONSERVATION OF ENERGY

There’s a fixed amount of energy in the universe that cannot be
created or destroyed, but it can be transferred from one object
to another and converted into different forms.

Energy conversion

The total amount of energy at the start of a process is always the same at
the end, even though it has been converted into different forms. When you
switch on a lamp, for example, most of the electrical energy is converted
into light energy—but some will be lost as heat energy. However, the total
amount of energy that exists always stays the same.

1 Gravitational potential energy
The amount of gravitational potential energy
a ball has depends upon its mass and its height.

s 1
HEAT AND SOUND
ENERGY 10%

GRAVITATIONAL
POTENTIAL ENERGY 100%

KINETIC
ENERGY 90%
\ J

Energy efficiency
Energy conversion can be represented
with a Sankey diagram (above). This

== Gravitational

potential energy

- Kinetic shows how energy is transferred
energy usefully, stored, or lost. It can be used
to calculate energy efficiency.
== Heat and

sound energy

Kinetic energy

When the ball is
dropped, the gravitational
potential energy is
converted to kinetic energy.

Air resistance —/

turns some kinetic
energy into sound
and heat energy.

4 Gravitational
potential energy
As the ball bounces up, it

gains more gravitational
potential energy.

3 Elastic potential energy
The ball changes shape
when it hits the ground, giving
it the elastic potential energy
that makes it bounce up.

Some kinetic energy
is “lost” as sound
and heat energy.




CCS ENERGY SOURCES Energy

People in the industrialized world use a lot consumption Geothermal 2%
of energy in homes, business, and industry, Most energy consumed «_  solar6%
in the US is from

for travel and transportation. The energy
used comes from primary sources such as

\ Wind 21%

nonrenewable sources,
with more than 80 percent

fossil fugls, nuclear energy, and hydropower. derived from fossil fuels. NATURAL GAS Biomass 47%

Crude oil, natural gas, and coal are called Despite advances, just 29%

fossil fuels because they were formed over 10 percent comes from Hydropower 24%
millions of years by heat from Earth’s core renewable sources, of

and pressure from rock on the remains which nearly half is

(fossils) of plants and animals (see p.37). from biomass. :’ﬁy“:gg';ﬂgﬁ?w"
Nonrenewable sources Renewable sources Energy use

Fossil fuels are limited resources on our planet, Energy produced by resources that cannot run out, such as sunlight, In the developed world,
which create greenhouse gases (see pp.128-129) wind, and water, is more sustainable. Their use does not produce industry and transportation
and toxic pollutants. Nuclear energy produces greenhouse gases and other harmful waste products. Biomass releases are the most energy-hungry
fewer greenhouse gases, but leaves harmful waste. carbon dioxide, however, and must be offset by planting new trees. sectors, while efficiency

has reduced energy

7/ consumption in the home.

5
Commercial
16%

Co

Crude oil Natural gas Biomass Geothermal energy Wind power Transportation
Liquid hydrocarbons Hydrocarbon gas formed Fuel from wood, plant Heat deep inside the Moving air caused by 59%
found deep underground.  millions of years ago. matter, and waste. Earth, in water and rock.  uneven heating of Earth. ?
o (%] Industrial
O 33%
Dy TV Residential

Coal Nuclear energy Solar energy Hydropower Tidal and wave power 22%
Solid hydrocarbons made Energy released by The sun’s radiation, The energy of falling The motion of tides and ENERGY CONSUMPTION
by heat and pressure. splitting uranium atoms. converted into heat. or flowing water. wind-driven waves. BY GROUP IN THE US

é ELECTRICAL GRID Office building

Regardless of the primary energy source, most energy is Large buildings receive

delivered to users as electrical energy. The network of cables medium-voltage current.

used to distribute electricity to homes, offices, and factories Transformer
is called the electrical grid. Many sources, including wind gg‘c’iﬁ‘ces
and solar, feed into the grid, but the majority of electricity Step-down substation voltage

is generated in power stations, which use the energy released The current is transformed for homes.
by burning fossil fuels to power huge electrical generators. to a medium voltage.

High-voltage lines
High-voltage current travels
along lightweight aluminum

cables, high up for safety.

Power station

A hydroelectric or thermal
power station generates
electricity as an alternating
current (AC).

Receives current at
between 110 or 240 volts,
depending on national grid.

Underground cables
Low-voltage underground
cables supply some houses.

Step-up substation

A transformer boosts the
current to a high voltage
before it enters the grid.

Factory
Industry receives
high-voltage current.




Metals are good heat conductors because their Copper, gold, silver, and aluminum

72 E ﬂ e rgy a ﬂ d T:O I’C@S o H EAT electrons are free to move and pass energy on. are all good conductors of heat.

Heat transfer P P )
Heat in this pan of boiling water can be ;
seen to move in three ways—radiation, ¢ /_\0 o
conduction, and convection—between ° @ Particles ©
© Hot, less
the heat source, the metal pan, and move dence
the water. Cooler, closer. fluid
ﬂui(cjjegslfsr Particles rises.
i ° move @ Qo
O& apart. @ o
\\\»_ﬂJ'o J
Heat distribution Convect'ion. '
A thermogram (infrared image) As a fluid (liquid or gas) heats up, the
reveals how heat is distributed from particles of which it is made move
the hottest point, the flame, to the apart, so the fluid becomes less dense
coldest, the wooden spoon and stove. and rises. As it moves away from the

heat source, the fluid cools down, its
density increases, and it falls.

Thermal insulation
Materials such as plastic and
wood are thermal insulators,

which do not conduct heat.

"y
Heat 7

Heat is energy that increases the
temperature of a substance or makes it
change state—from a liquid to a gas, for
example. Heat can move into or within
a substance in three ways: conduction,
convection, or radiation.

Atoms and molecules are always moving around.
The energy of their movement is called kinetic
energy. Some move faster than others, and the
temperature of a substance is the average kinetic
energy of its atoms and molecules.

Radiation from pan
Some radiant heat is lost

Hot particles emit from the side of the pan.
vellow light.

Particles move
less away from

heat source.
2900000

200000
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Conduction
When the particles (atoms or
molecules) of a solid are heated,
they move faster, bumping into
other particles and making them
move faster, too. The movement
of the particles conducts heat
away from the heat source. As the
temperature increases in a metal,
the particles lose heat as thermal Radiation from flame Radiation absorbed by stove
radiation, making the metal glow Heat moves as radiant energy The matte black surface of
red, yellow, and then white hot. waves through a gas or vacuum. the stove absorbs some
This is how the sun heats Earth. heat radiation.




Heat energy always passes from hot The sun is the main The temperature range on Earth
objects or materials to cooler ones. source of heat on Earth. is less than 250°F (150°C). 73

{

| Convection currents in air Measuring temperature
In the daytime, warm air rises from the land Land and sea breezes Temperature measures how hot or cold an
and cool air flows in from the sea, creating Currents reverse as the object is by taking the average value of its heat
a sea breeze. At night, warm air rises from land and sea warm and energy. It is measured in degrees Celsius (°C),
the sea and cool air flows out to sea. cool at different rates. Fahrenheit (°F), or Kelvin (K). A degree is the

same size on the °C scale and K scale. All atoms
stop moving at absolute zero (OK).

DAY
.~ Warm air

rises Sun’s core

N | N 15mK
\\\ Cool sea breeze blows out to sea
= blows in from sea

27m°F (15m°C)

T Venus
735.15K

864°F (462°C)

Water boils

— 373.15K
T 212°F (100°C)

Hottest place on Earth
329.85K

Steel 134.6°F (56.7°C)

The steel lining the pan is a

less good heat conductor than Human body O0—

copper, but also less reactive, 310.15K

so it is slower to corrode. 98.6°F (37°C)

Water freezes O—
273.15K
32°F (0°C)

Coldest place on Earth 0—
183.95K
-128.56°F (-89.2°C)

Outer space

2.7K
-454.81°F (-270.45°C)
Absolute zero O—'

oK
-459.67°F (-273.15°0)

Heat loss and insulation

Heat is easily lost from our homes through
floors, walls, roofs, windows, and doors. To
increase energy efficiency by reducing heat
loss, materials that are poor conductors—
such as plastics, wood, cork, fiberglass, and
air—can be used to provide insulation.

Copper
The copper exterior of the
pan is a good conductor of
heat, but corrodes easily.

¥ Radiation reflected off pan

The shiny metal exterior absorbs
heat radiation from the flame, but
also reflects some back.

Porch . .
Building a Attic insulation

porch would Fiberglass insulation

cut drafts. can reduce heat loss

by a quarter.

Cavity wall
—— insulation
Filling gaps with
polystyrene
conserves heat.

Double glazing

Air between two
layers of glass acts
as an insulator.
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Nuclear energy

Nuclear reactions are a highly efficient way of releasing energy.
Smashing atomic particles together sets off a chain reaction—
producing enough heat to generate large amounts of electricity.

Most elements have several slightly different forms, called isotopes.

Each isotope of an element has a different number of neutrons. Radioactive
isotopes have too many or too few neutrons, making them unstable. Isotopes
of heavy elements, such as uranium and plutonium, may break apart, or
decay, producing radiation. Atomic nuclei can also be broken apart (fission)
or joined together (fusion) artificially to release energy, which can be
harnessed in nuclear power stations and weapons.

Protective dome
A concrete dome
around the reactor
absorbs radiation.

Control rods

Control rods lowered
into the core slow the
reaction by absorbing
excess neutrons.

Fuel rods

Rods of nuclear fuel
are lowered to start
a fission reaction.

Reactor core

Atomic nuclei split
inside the reactor,
releasing heat energy.

Inner loop

Water from the reactor
heats up a tank of
water, before flowing

Heated water back into the reactor.

Water inside the
reactor is heated
as the reaction
takes place.

Cherenkov radiation

The atomic particles in the
reactor travel incredibly fast.

In doing so, they generate a type
of radiation called Cherenkov
radiation, which makes the
water surrounding the reactor
glow an eerie blue color.

The number of operational nuclear reactors
in the world, with many more being built.

44,

Nuclear reactor

Nuclear fission power stations are found all over
the world. They all use the same basic principles
to generate electricity. Firstly, atoms are smashed
apart in the reactor to release heat energy. This
energy passes into a nearby chamber to heat

up water and produce large quantities of steam.
The steam powers spinning turbines attached to a
generator, which converts this kinetic energy into
the electricity that is pumped out to the world.

Turbines

A series of turbines
are spun around

by the steam.
Steam

The water heated in
the tank evaporates
into steam, which

Water from the turbine
unit returns to the
steam generator, ready
to be heated again.

Types of radiation

When unstable nuclei break
apart, or decay, they may
release three types of radiation:
alpha, beta, and gamma. Alpha
and beta radiation are streams
of particles released by atomic
nuclei. Gamma rays, released
during alpha and beta decay
or even by lightning, are a
form of electromagnetic
radiation—similar to light, but
more powerful and dangerous.




British physicists John Cockcroft and Ernest Walton
carried out the first artificial nuclear fission in 1932.

Electricity pylons
These carry power lines
that transmit electricity
from the power station

to electricity users.

Generator
The generator
converts energy
from the turbines
. into electricity.

ondenser loop

Cooling towers
Large towers receive
the steam and condense

1 percent of the world’s electricity is
provided by nuclear power plants.
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Nuclear fission

Atoms split apart,
releasing heat energy.

Neutron causes
the uranium
nucleus to split.

o A single neutron

hits the nucleus.

More neutrons
are released,
which carry on
the chain reaction.

Uranium nucleus

The nuclei of atoms can split apart or join together,
forming new elements and releasing energy. A large
atomic nucleus splitting in two is called nuclear fission.
A neutron hits the nucleus of a uranium atom, causing
it to split, or fission, in two. More neutrons are released
as a result, and these hit more nuclei, creating a chain
reaction. The extra energy that is released ends up as
heat that can be used to generate electricity.

Nuclear fusion

Deuterium
(an isotope
of hydrogen)

The process in which two smaller atomic nuclei join
together is called fusion. Two isotopes of hydrogen are
smashed into each other to make helium, releasing heat
energy and a spare neutron. Fusion takes place in stars,
but has not yet been mastered as a viable form of
producing energy on Earth, due to the immense heat
and pressure needed to start the process.

An extra
neutron is

released.

The isotopes smash
together and join,
releasing heat.

Cooled water is pumped it back int t Helium is
back to the turbine, ‘ It back into water. & Tritium (an isotope produced.
ready to be heated again. of hydrogen)
J
Alpha radiation Containing radiation SKIN ALUMINIUM LEAD
@ Sl e e e | Radiation can be extremely
of two protons and two neutrons, harmf_ul_ to human hea_lth and &
called an alpha particle. containing it can be tricky. Alpha,
beta, and gamma radiation can ALPHA
Beta radiation pass through different amounts
@ In some nuclei, a neutron changes of matter because they have
to a proton, creating an electron different speeds and energy.
called a beta particle, which Alpha particles can be stopped BETA
shoots out of the nucleus. by just a sheet of paper, or skin.
o Beta rays can pass through
gamma radiation ect , skin but not metal. Gamma rays
amma rays are electromagnetic can only be sto ed by a sheet
waves released during alpha and y PP Y GAMMA

beta decay.

of lead or thick concrete.




Ultrasonic waves have a frequency The frequency of sound doubles
76 e ﬂ e rgy a ﬂ d T:O rCES o SO U N D higher than audible sound waves. every time the pitch rises an octave.

String thickness and density Sound waves

The thickness of strings affects their Vibrating air comes
frequency and pitch: the thickest string out of the sound
creates the lowest frequency and hole in waves that
lowest-pitch notes. Strings made of more spread out evenly

dense materials will have a lower pitch. in all directions
like the ripples in

a pool of water.

Acoustic guitar sounds

When a player plucks the strings
of a guitar, each string vibrates at
a different frequency to produce a
note of a different pitch—higher-
or lower-sounding. The pitch of
the note produced depends on the
length, tension, thickness, and
density of the string. The strings’
vibration passes into the body of
the instrument, which causes air
inside and outside it to vibrate,
making a much louder sound.

m W oo O > m

Sound hole
Air at the sound hole
oscillates, adding resonance.

Soundboard Saddle and bridge

The large surface area of the The string vibrations are
soundboard (also known transmitted to the saddle

as the top plate) vibrates, and bridge of the guitar.

creating sound energy.

Vibrating
soundboard

Vibrating air

Braces

On the inside of the
top and back plates,
braces add structural
support to the guitar.
The geometric pattern
they are arranged in
affects the sound made.

Hollow body
The hollow body amplifies
sound energy traveling
through the guitar.




Sounds louder than 85 decibels
can damage human hearing.

Sound can’t travel through
avacuum, so space is silent. 77

How sound travels
Sounds waves squeeze and stretch the air as they
travel. They are called longitudinal waves because the
) particles of the medium they are traveling through
Tuning vibrate in the direction of the wave.

Neck

Fretboard peg
N Y % Vibrating particles Rarefaction
T As vibrations travel through % ,
e J air, particles jostle each other
h to create high-pressure areas
’ of compression and low- .
pressure areas of rarefaction. Compression
Strings Amplitude
The six strings are usually Amplitude and loudness /-\ m /\
(';”adcftOf Sfti"f]' or ntylo,”l‘ Tfhfe . The energy of a sound Loup
e e wave isdescrived by it v U VU
P played. amplitude (height from
center to crest or trough), Crest
corresponding to loudness. SOFT
Trough
Ve - Frequency and pitch

A sound wave’s pitch is HIGH %ﬂvﬂvﬂv&vﬂv
defined by its frequency—
the number of waves that

pass a point in a given time. Wavelength

It is measured in hertz (Hz). Low N\ ~ ~_Time
N N

Speed of sound in different materials

Sound moves fastest in solids, because the particles

are closer together, and slowest in gases, such as air,
because the particles are further apart. The speed of
sound is measured in miles per hour.

String length String tension
Frets (raised bars) are spaced along Turning the tuning pegs enables steel AU UL UL 13,240 mph
the fretboard on the front of the the player to tighten or loosen the = ! P
neck. The player presses a string strings, adjusting the pitch so that g
down on the fretboard to shorten the guitar is in tune. As the strings § Water 1N/ _/\_» 3,310mph
its length, increasing the frequency are tightened, the frequency
and raising the pitch of the sound. increases, raising the pitch. Air ™\_ 740mph

0 3,500 7,000 10,000 13,000

Speed of sound (mph)

S 0 U n d The decibel range

. . . . Loudness describes the intensity of sound energy, and
Sound carries music, words, and other noises at high speed. is measured in decibels (dB) on a logarithmic scale, so

It travels in waves, created by the vibration of particles 20dB is 10 times more intense than 10dB, or twice as
within a solid quuid or gas loud. Human hearing ranges from 0 to 150dB.
9’ ’ b
If you pluck a guitar string, it vibrates. This disturbs the air around it,
creating a wave of high and low pressure that spreads out. When the t
wave hits our ears, the vibrations are passed on to tiny hairs in the
inner ear, which send information to the brain, where it is interpreted. LEAFFALLINGNEARBY  WHISPERING IN EAR SPEAKING NEAR YOU
What distinguishes sounds such as human voices from one another is (10dB) (30dB) (60dB)
complex wave shapes that create distinctive quality and tone. Barely audible Quiet Moderate
W
/ e
’?-"" N
Hz to 20 kHz-the normal range of human hearing. %ﬁ)&&%
This range decreases as people get older. Children _ i
can usually hear higher frequencies than adults. VO A ey T ROy e IR ey - ANGE

Loud Very loud Painfully loud
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Artificial light

Sprawling cities across the East Coast at night are
clearly visible in this photograph taken by astronauts
aboard the International Space Station (ISS).

Long Island and New York can be seen on the right, Philadelphia,
Pittsburgh, and other major cities in the center. Streetlights and
lights in homes and gardens contribute to the glow. For people on
the ground, some of the light is reflected back by a haze of dust
and water vapor, creating light pollution that makes it hard to
see the stars in the night sky.



Gamma rays can cause cancer,
but can also Kill cancer cells.
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Gamma rays

The highest-energy waves,
with wavelengths the size

of an atomic nucleus, gamma
rays are emitted by nuclear
fission in weapons and reactors
and by radioactive substances.
Gamma radiation is very
harmful to human health.

Visible light

This is the range of wavelengths
that is visible to the human eye.
Each drop in a raindrop is like a
tiny prism that splits white light
into the colors of the spectrum.

GAMMA RAYS X-RAYS ULTRAVIOLET VISIBLE LIGHT INFRARED
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X-rays
With the ability to travel through soft

Ultraviolet (UV)
Found in sunlight, UV radiation can

materials but not hard, dense ones,
X-rays are used to look inside the
body and for security bag checks.

Electromagnetic
radiation

Light is one of several types of wave energy called
electromagnetic radiation, which also includes
radio waves, X-rays, and gamma radiation.

Electromagnetic radiation reaches us from the sun,
stars, and distant galaxies. The Earth’s atmosphere
blocks most types of radiation, but allows radio waves
and light, which includes some wavelengths of infrared
and ultraviolet, to pass through.

The electromagnetic spectrum beyond visible light
was discovered between 1800, when British
astronomer William Herschel first observed infrared,
and 1900, when French physicist Paul Villard

discovered gamma radiation.

cause sunburn and eye damage. The
shortest, most harmful wavelengths
are blocked by the ozone layer.

Infrared

Known as heat radiation, infrared is
invisible, but special cameras are able
to detect it and “see” the temperature
of objects such as these penguins.

Light bends
again as it
moves back
from glass
to air.

R

Red has the longest
wavelength and
bends least.

Violet has the shortest
wavelength and bends most.

The color spectrum

If white light is shined into a
triangular block of glass, called a
prism, the glass refracts (bends) the
light. In an effect called dispersion,
the light is split into different
wavelengths, the spectrum of colors.

White light contains all
the colors of the

spectrum.
Glass prism
bends the light.
Blue
/_ Indigo
/ Violet

/_

Orange //
Yellow

Creen




Extremely low frequency (ELF) radio waves

All electromagnetic waves travel through space at the speed of light, A . v 8 1
which is 299,792,458 m/s (commonly rounded to 300,000 km/s). are used to communicate with submarines.
Microwaves Radio waves
On Earth, microwaves are The longest waves on the
used for radar, cell phone, spectrum, radio waves carry TV
and satellite communications. as well as radio signals. Radio
Scientists have captured images telescopes are able to capture
(left) of microwaves left over radio waves emitted by sources
from the Big Bang at the birth in space and convert them into
of the universe. images, such as this star (left).
Waves at this end of the
spectrum have the least energy
and lowest frequencies.
MICROWAVE RADIO WAVES
1 I
1
1
4 1
1
== 5E | = £ Z=
1
10+ 103 102 10" 1 10! 10? 10° 10 10°
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The electromagnetic spectrum

There are electromagnetic waves
over a wide range of wavelengths,
from gamma waves, which have the
shortest wavelength and highest
energy, to radio waves, which have
the longest wavelength and lowest
energy. All electromagnetic waves
are invisible, except for those that
make up light. As you move along
the spectrum, different wavelengths
are used for a variety of tasks,

from sterilizing food and medical
equipment to communications.

The dividing line
between some types
of electromagnetic
radiation is distinct,
whereas other types
overlap. Microwaves,
for example, are the
shortest wavelength
radio waves, ranging
from 1mm to 1m.

Electromagnetic waves
All types of electromagnetic radiation

are transverse waves that transfer energy

from place to place and can be emitted
and absorbed by matter. Electromagnetic
radiation travels as
waves of electric and
magnetic fields that
oscillate (vibrate) at
right angles to each
other and to the
direction of travel.

Electric field

Direction
of travel

Magnetic field

Seeing color

We see color based on
information sent to the brain
from light-sensitive cells in the
eye called cones. There are
three types of cone, which
respond to red, green, or blue
light. We see all colors as a mix
of these three colors. Objects
reflect or absorb the different
colors in white light. We see
the reflected colors.

Black object

Black objects absorb all the
colors of the visible light
spectrum and reflect none.
They also absorb more heat.

White object

White objects reflect all the
colors that make up the
visible light spectrum, which
is why they appear white.

Green object

We see green objects
because they reflect only
the green wavelengths
of visible light.

Light scattering

When sunlight hits Earth’s atmosphere, air molecules, water droplets,
and dust particles scatter the light, but they don't scatter the colors
equally. This is why the sky is blue, clouds are white, and sunsets red.

Blue sky

The blue of the sky is caused
by air molecules in the
atmosphere, which scatter
short-wavelength light at the
blue end of the spectrum.
Larger water and dust particles
scatter the full spectrum as
white light. The bluer the sky,
the purer the air.

Red sunset

When the sun is low in the
sky, light takes a longer path
through the atmosphere, more
light is scattered, and shorter
wavelengths are absorbed.

At sunrise and sunset, clouds
may appear red, reflecting the
color of light shining on them.
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Telephone network

Cell phones connect to base stations, each providing satellite phone International exchange
coverage of a hexagonal a.rea called a cell. Ea.Ch cell Instead of linking to base ] Calls to other countries are
has a number of frequencies or channels available towers, these phones send a routed through the caller’s
to callers. As cell phones each connect to a particular high-frequency signal to the main exchange and on to an
base station, the same frequencies can be used for nearest satellite, which bounces international exchange.
callers using base stations elsewhere. Landline calls it back to a main exchange.

go through local and main exchanges.

Calling from a moving cell phone Relay tower
User A's call is given a channel and routed via Radio links at microwave
a base station to the mobile exchange. User A's frequencies connect

phone checks the signal strength from nearby
base stations, feeding this information back to
the mobile exchange. It indicates the current
signal is weakening as the caller leaves the cell.

distant exchanges
via high relay towers.

Call handed over to new cell
The mobile exchange readies a new channel
for user A in the cell they are moving to and
sends this information to user A's phone.
User A's phone signals to the new base
station its arrival in the new cell

and the old channel is shut down.

Moving cellular call received
The mobile exchange
scans for user B and puts
through the call. B should
not notice when A's
signal is handed over.

(]
|{‘\l

Caller dials
landline number
The cell phone connects by
microwave to a nearby
base station.

Base station in cell

The base station routes the
call to a mobile exchange. Each cell Mobile exchange
has a base station that sends and The mobile exchange

receives signals at a range of passes the call to the main Main exchange .

frequencies. Dense urban areas exchange. Mobile exchanges The main exchange e call is routed from

have more, smaller cells to cope receive si'gnals from many transfers the call to the local the local exchange to a .

with user demand base stations exchange. Local exchanges landline. All the telephones in
: : across a wide area are all a small area are connected to

connected to a main exchange. the local exchange.




2 4 ooo miles (39,000 km) is the length of the world’s longest
9 fiber-optic submarine telecommunications cable.

6 The approximate percentage of the
world’s population that owns a cell phone.
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Communications satellite
Satellites bounce messages
back to the surface via
high-frequency radio waves.

Undersea cables
Fiber-optic or wire cables are
submerged on the seabed.

International
exchange

Calls passed from
other international
exchanges are
received via satellite
or undersea cable.

elecommunications

Modern telecommunications use electricity, light, and radio
as signal carriers. The global telephone network enables us to
communicate worldwide, using radio links, fiber-optic cables,
and metal cables.

Signals representing sounds, images, and other data are sent as either
analog signals, which are unbroken waves, or as digital signals that send
binary code as abrupt changes in the waves. Radio waves transmit radio
and TV signals through the air around Earth, while microwave wavelengths
are used in cell phones, Wi-Fi, and Bluetooth. Cables carry signals both
above and below ground-—as electric currents along metal wires, or as
pulses of light that reflect off the glass interiors of fiber-optic cables.

Speech conversion
Our voices are converted
from analog signals to
digital ones to make calls.

A cell phone captures

sound as a continuously
varying or analog signal. The
signal is measured at various
points and each point is given a
value. Here a point on the signal
is measured as 3, which is shown
as its binary equivalent of 0011.
The phone’s analog to digital
converter produces strings of
these binary numbers (see p.95).

The 1s and 0Os of the binary

number 0011 become off/off/
on/on. The phone transmits the on/
off values, encoding them as
sudden changes to the signal's
waves. The signal passes from
base station to mobile exchange
to base station.

The phone receives the digital
signal and interprets the on/
off transmission as strings of binary
numbers. The phone’s digital
to analog converter turns the
binary numbers back into
analog information.

The phone’s

speaker
sends an analog
signal we hear as
a sound wave.

9

The ionosphere and radio waves

The ionosphere is a region of the atmosphere that
contains ions and free electrons. This causes it to
reflect some lower-frequency, longer-wavelength

radio waves over large distances.

Short and medium __
waves are reflected
off the top of the
jonosphere and the
Earth’'s surface.

High-frequency
signals pass through
the ionosphere to
reach satellites.

Communications
satellites retransmit
signals to

distant areas.

Long waves can travel
as a direct surface
wave for thousands
of miles.
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L i g ht Light and matter

A material appears shiny, dull, or clear depending on whether it transmits,

Light is a type of electromagnetic radiation. reflects, or absorbs light rays. Most materials absorb some light.
It is carried by a stream of particles, called
A Transparent Opaque (matte)
photons, that can also behave like a wave. Light passes through DUIL opaque materials
. . . transparent (clear
The most important source of light on Earth is the e is fave a rough surface
sun. Sunlight is produced by energy generated in transmitted, bending light, and reflects
the sun’s core. Like the sun, some objects such as as it changes speed. and scatters the rest.
candles emit (send out) light—they are luminous.
In contrast, most objects reflect and/or absorb light. Translucent Opaque (shiny)
Light travels as transverse waves, like ripples in 't\g:]‘:bac':ntthfr;ﬁﬁe) fnh;{‘éiglgaﬁ:\fe ,
water; the direction of wave vibration is at right let light through ‘gut smooth surface
angles to the direction that the light travels. scatter it in different that reflects light
directions. in a single beam.
Sources of |ight Incandescence Toaster grill Candle flame Incandescent light bulb
Light is a form of energy Incandescent light sources A grill or the element of A candle flame, at about The filament of an old-style
It is produced by two d's.t'nct produce light because a toaster, at about 1,110°F 1,550°F (850°C), produces light bulb, at about 4,500°F
ISP U . 3::' Wo aisti d they are hot. The hotter (600°0), will glow with some green and yellow light, (2,500°0), produces nearly all
I[)Jr%ciﬁzssi(sa.nlcnecalrr]]cgziieer;cceerfpe an object, the more of the only red light. It also emits as well as red, so it glows the spectrum. Missing some
! =1ILe. : e ! light in the infrared range. with a bright yellow light. blue light, it has a yellow tinge.
is the emission of light by hot visible color spectrum
objects. Luminescence is the it produces. Incandescent
emission of light without heat. light produces all the

colors in its range in
a continuous spectrum.

Photons

If an atom gains energy,

electrons orbiting the nucleus Color spectrum

jump to higher orbits, or “energy A spectroscope image . ‘

levels.” When the electrons shows the spectrum of 3
colors a light source emits. —

return to their original orbits,
they release photons of light, or
other electromagnetic radiation.

Luminescence Bioluminescence Light-emitting diode (LED) Compact fluorescent lamp
A luminescent light source Bioluminescent animals such An LED may produce two or Luminescent paints on the
Excited atom produces light by electrons as fireflies produce a single more colors. Energy-saving inside of glass produce red,
Electron jumps to higher losing energy in atoms. wavelength of yellowish-green LEDs produce red, green, and green, and blue light, giving
level when it gains energy. Energy is lost in exact light by oxidizing a molecule blue light, chosen to give an an impression of white light
amounts, which determine called luciferin. impression of white light. (not a continuous spectrum).

the color of the light
produced, depending
D on the chemistry of the

luminescent material.

2
i

o G—-  Atom calms down
Electron gives out photon as
O it returns to its original orbit.
Photons are reflected back Powerful, concentrated laser
Mirror and forth between mirrors. beam is composed of photons

lined up and in step.

Lasers [
A laser produces an intense beam

of light of a single wavelength. The
light is concentrated in a “lasing
medium” such as crystal. In a

crystal laser, light from a coiled

tube “excites” atoms in a tube

made of crystals, such as ruby. O
The photons of light that these
excited atoms produce reflect
between the tube’s mirrored ends
and escape as a powerful beam.
We say the light is coherent,
because the waves are in step.
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A flash tube is a powerful lamp whose Excited atoms give off photons, Light emerges from partial
light excites electrons in the crystal. which excite other atoms, too. (semi-silvered) mirror.
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Laser is an acronym for light amplification
by stimulated emission of radiation.

Diffraction and interference

Light waves spread out when they pass through tiny
gaps or holes. The smaller the gap, the more spreading
(diffraction) that occurs. When two or more waves meet,
they add together or cancel each other out, forming
bigger or smaller waves. This is known as interference.

Double-slit experiment

To prove that light behaves as a wave, not a particle,
in 1801 English scientist Thomas Young shone light
through slits to demonstrate that light waves diffract
and interfere like waves in water.

Laser

Diffraction

Like ripples of water,

light waves spread out
(diffract) when they pass
through tiny gaps. For
diffraction to work, the gap
has to be the same size as
the wavelength of the waves.

Reflection

Light rays bounce off a smooth surface, such as a mirror, in
a single beam. This is called specular reflection. If the surface
is rough, the rays bounce off randomly in different directions.
This is called diffuse reflection.

Mirror

Incoming Angle of

light ray /_ incidence

The law of reflection
A light ray beamed at
a mirror bounces off
again at exactly the
same angle, or, in
more scientific terms,

the angle of incidence Outgoing ~
is equal to the angle light ray reflection
of reflection.
[
Bird's lower Bird's lower
wing is closest wing is closest
to mirror. to viewer.
Reverse images = X *

Mirrors don't reverse
things left to right—
writing looks reversed
because you've turned e T
it around. What mirrors 2 [
do is to reverse things \

back to front along an
Mirror /

Reflection
appears to come
from a virtual
image behind
the mirror.

axis at right angles to
the mirror. /Z',g

Waves cancel
each other out.

Waves add
together.

Today, the double-slit experiment is used to demonstrate wave-
particle duality—that light behaves as both waves and particles. 85

Striped pattern
of interference
on screen.

Constructive interference

When two waves of the same length
and height (amplitude) overlap in
phase, they add together to make a
new wave that has twice the height,
making a light twice as bright.

+ =

Destructive interference

When two identical waves add
together, but are out of phase, they
cancel each other out. The wave
they make has zero amplitude,
making darkness.

EEODEEE

Refraction

Light rays travel more slowly in more dense substances such as water
and glass than in air. The change in speed causes light to bend (refract)
as it passes from air to glass or water and back. How much a material

refracts light is known as its refractive index.

Light travels
Angle of incidence faster in air.
Bending light
Light rays slow down and Angle of y
bend as they pass from air refraction
to glass, and speed up and \
bend outward as they pass TiTTT T BT -

from glass to air. The refractive

index of air is 1. For glass, it is AR tfnhésray
around 1.60, depending on the inward as
quality of the glass, whereas GLASS it enters
for diamond—which is harder glass.
and denser—it is 2.40.

Light ray Light travels

continues at
original angle.

slower in glass.

Light rays bend as they

Real and apparent depth pass from water to air. ;
Refraction makes an object We believe ‘?"
in water appear nearer the light travels AIR

surface. Because our brains in straight  _
assume that light rays travel lines, 50
in a straight line, rather than e see the ’
bending, we see the object in fish here. S g

the water higher up than it

really is. For a person under WATER
water, the reverse applies: an
object on land appears higher
up than it is.

Actual, deeper
position of fish.




Types of telescope

Refracting telescopes use lenses to gather
and focus light. Reflecting telescopes do the
same with mirrors—huge space telescopes
use very large mirrors. Compound telescopes
combine the best of lenses and mirrors.

Refracting telescope

A large convex lens focuses light rays to a mirror
that reflects the light into the eyepiece, where a
lens magnifies the image. Lenses refract the light,
causing color distortion.

Reflecting telescope

A concave mirror reflects and focuses light to a
secondary mirror, which reflects it into an eyepiece,
where a lens magnifies the image. There is no
color distortion.

Compound telescope

The most common type of telescope, this
combines lenses and mirrors to maximize
magnification and eliminate distortion.

Convex and concave lenses
Convex, or converging, lenses take
light and focus it into a point behind
the lens, called the principal focus.

James Gregory designed a reflecting telescope in 1663
Newtonian telescope in 1668

TELESCOPES

Telescopes

Powerful telescopes make faint objects, such as distant stars
and galaxies, easier to see. They work by first gathering as
much light as they can, using either a lens or a mirror, and
then focusing that light into a clear image.

There are two main types of telescope: refracting, which focus light
using lenses, and reflecting, which focus light using mirrors. Optical
telescopes see visible light, but telescopes can also look for different
kinds of electromagnetic radiation: radio telescopes receive radio waves
and X-ray telescopes image X-ray sources. Telescopes use large lenses
compared to microscopes, which are used to look at things incredibly
close up, while binoculars work like two mini telescopes side by side.

Eyepiece
," - A viewer looks through the

i eyepiece to see a clear, focused
i image of the distant object.
A magnifying lens focuses
and enlarges the image.

First surface mirror ‘
A mirror reflects light =y

at right angles into p

]
. {
the eyepiece. - )

| IL
Focus knob /

Converging
light rays

This is the type of lens used in the
glasses of a short-sighted person.
By contrast, concave, or diverging,

—» n
Principal axis

Twisting the knob
adjusts the focal length

lenses spread light out. When parallel
rays pass through a concave lens,
they diverge as if they came from

a focal point—the principal focus—

in front of the lens.

A GERMAN-DUTCH LENS MAKER
CALLED HANS LIPPERSHEY
DEVELOPED THE EARLIEST
REFRACTING TELESCOPE
IN THE YEAR 1608.

GALILEO IMPROVED THE DESIGN.

to focus the image.
) Principal focus
Ray of light :
CONVEX LENS
CONCAVE LENS/<'

Ray of light Diverging

Principal S light rays
focus
o Principal axis

Virtual rays/ E

A




Hubble Space Telescope 13 billion 5,000 light-years away. 87

light-years away. MACS0647-JD back in time 5,000 years ago
Refracting telescope
This type of telescope uses a convex lens to Objective lens

Light from a source hits
this large, convex lens,
which focuses it.

gather and focus as much light as possible from
the distant object. It can be used to look at
anything bright enough for light to reach us

at night, including the Andromeda galaxy,

more than 2.5 million light-years from Earth. Collimating lens _
This lens refracts the light
into a parallel beam to
pass through any filters.

Filters
Telescopes may use a variety
of filters to get rid of specific
wavelengths of light.

Red, green, and blue
light focus at different
points.

Rainbow effect

When white light passes

through a glass lens, it

is refracted, creating a

rainbow of colors around the

image—an effect known as The lens splits S

“chromatic aberration.” white light —

Modern telescopes use extra into colors.
lenses to counteract this.

OPTICAL AXIS

~~

Refocus lens

A second lens
refocuses the light
after it has passed
through the filters.

Concave and convex mirrors

An image reflected in a concave mirror appears small and,
depending how far the viewer is from the mirror, may be
upside down. The image in a convex mirror is formed by
a virtual image behind the mirror, and appears large.

Light rays focus to a point in
|front of the mirror. /

Focal point i \

<l
-«

Altitude control handle
A handle is used

to adjust the vertical
tilt of the telescope.

Light rays diverge
from a focal point
behind the mirror.

= Focal <
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