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How to use this book

This book has been written for you by experienced teachers and subject
experts. It covers the information you need to know for your exams and is
packed full of features to help you achieve the very best that you can.

Figure 1 Many diagrams are as important for you to learn as the text, so make sure you
revise them carefully

Key words are highlighted in the text. You can look them up in the glossary at

the back of the book if you are not sure what they mean.

Required practical

This feature helps you become familiar with key practicals. It may be
a simple introduction, a reminder or the basis for a practical in the
laboratory.

Summary questions

These questions give you the chance to test whether you have learned and
understood everything in the topic. If you get any wrong, go back and have
another look. They are designed to be increasingly challenging.

And at the end of each chapter you will find ...

Chapter summary questions

These will test you on what you have learned throughout the whole chapter,

helping you to work out what you have understood and where you need to go
back and revise.

Practice questions

These questions are examples of the types of questions you may encounter in
your exam, so you can get lots of practice during your course.

Learning objectives

Each topic begins with key
statements that you should
know by the end of the lesson.

Hints that give you important

advice on things to remember
and what to watch out for.

.’)? Did you know ... ?

There are lots of interesting
and often strange facts about
science. This feature tells you
. about many of them.

QD links

Links will tell you where you can
find more information about what
you are learning and how different
topics link up.

An activity is linked to a

main lesson and could be a
discussion or task in pairs,
groups or by yourself.

Key points

At the end of each topic are
the important points that you
must remember. They can be
used to help with revision and
summarising your knowledge.

S & G, -
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Practical skills

During this course, you will develop your understanding of the scientific
process and the skills associated with scientific enquiry. Practical work is an
important part of this as it develops these skills and also reinforces concepts
and knowledge developed during the course.

As part of this course, all students are expected to undertake practical work
in many topics and are required to carry out the five required practicals listed
below:

Required Practicals

1. Investigate the products at the anode and cathode in the electrolysis of
copper sulfate solution. (3.3.2) [Topic 5.6]

2. Identify the metal ion in an unknown compound using flame testing
techniques. (3.4.3) [Topic 6.4]

3. Establish the concentration of an unknown strong acid through titration with
a strong base. (3.6.4) [Topic 8.6]

4. Investigate factors affecting the rate of a reaction. (3.8.1) [Select from
Chapter 9 practicals]

5. Test for the presence of a double bond in an unknown hydrocarbon.
(3.10.1.3 ) [Topic 13.1]

In Paper 2, you will be assessed on aspects of the practical skills listed
below, and may be required to read and interpret information from scales
given in diagrams and charts, present data in appropriate formats, design
investigations and evaluate information that is presented to them.

Designing a practical procedure

® Design a practical procedure to answer a question, solve a problem or test a
hypothesis.

B Comment on/evaluate plans for practical procedures.

B Select suitable apparatus for carrying out experiments accurately and safely.

Control

B Appreciate that, unless certain variables are controlled, experimental results
may not be valid.

B Recognise the need to choose appropriate sample sizes, and study control
groups where necessary.

Risk assessment

m |dentify possible hazards in practical situations, the risks associated with
these hazards, and methods of minimising the risks.

Collecting data

B Make and record observations and measurements with appropriate
precision and record data collected in an appropriate format (such as a
table, chart or graph).
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Analysing data

B Recognise and identify the cause of anomalous results and suggest what
should be done about them.

B Appreciate when it is appropriate to calculate a mean, calculate a mean from
a set of at least three results and recognise when it is appropriate to ignore
anomalous results in calculating a mean.

B Recognise and identify the causes of random errors and systematic errors.
B Recognise patterns in data, form hypotheses and deduce relationships.

B Use and interpret tabular and graphical representations of data.

Making conclusions

B Draw conclusions that are consistent with the evidence obtained and
support them with scientific explanations.

Evaluation

B Evaluate data, considering its repeatability, reproducibility and validity in
presenting and justifying conclusions.

B Evaluate methods of data collection and appreciate that the evidence
obtained may not allow a conclusion to be made with confidence.

B Suggest ways of improving an investigation or practical procedure to obtain
extra evidence to allow a conclusion to be made.
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States of matter

You can classify the majority of substances as solids, liquids, or gases. These
are called the three states of matter.

Learning objectives

After this topic, you should Solids have a fixed shape and volume. They cannot be compressed. Liquids

know: have a fixed volume, but they can flow and change their shape. Liquids occupy

® there are three states of just slightly more space than when solid (water and ice are exceptions). Gases
matter have no fixed shape or volume. They can be compressed easily.

® the arrangement and motion To explain the properties of solids, liquids, and gases you use the kinetic
of the particles in each state theory of matter. It is based on the fact that all matter is made up of tiny
of matter particles and describes:

® the movement of the particles, and

B the average distance between particles

within each state of matter.

B the names of the processes
and energy changes involved
in changing state.

- —/ Look at the diagrams to the left that represent the three states of matter.

Each particle in a solid is touching its nearest neighbours and they remain in
this fixed arrangement. They cannot move around, but they do vibrate
constantly.

Particles vibrate

The particles in a liquid are also very close together but they can move past
each other. This results in a constantly changing, random arrangement of
particles.

Particles slip and The particles in a gas have much more space, on average, between them.
slide over each other ~ 1hey can move around at high speeds and in any direction. This means the
particles have a random arrangement. The hotter the gas is, the faster the
particles move. The pressure of a gas is caused by the particles colliding
with the sides of the container. The more frequent and energetic the collisions
are, the higher the pressure of the gas. So, in a sealed container, the pressure

Particles move . ;

veiry cuickly frall of the gas increases with temperature.

directions — as the .

particles bash Changing state

against the walls

of the container, If a solid is heated and changes directly to a gas without melting, that is, it does

C> gﬂf exert a force not pass through the liquid phase, the change of state is called sublimation.
dl causes

pressure Look at the changes of state that occur when water is heated and cooled:

Figure 1 The particles in the three states Increasing energy . ¢ < Tj
of matter '“.’? 3
Boisa e R N
Gas (1 —
Condense
(Solicifies) l |-
OO links . Decreasing energy
T A B B ewn leEts. 4 Figure 2 The changes of state in water
substance’s state in a balanced The hotter a solid is, the faster its particles vibrate. Eventually, the vibrations will
symbol equation, see Topic 8.1 be so strong that the particles begin to break free from their neighbours. At this
‘Chemical equations’. point the solid starts to melt and become a liquid.

®5.
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States of matter

The hotter a liquid is, the faster its particles move around. As the temperature
rises, more and more particles gain enough energy to escape from the surface
of the liquid. Its rate of evaporation increases. Eventually, the liquid boils and
bubbles of gas rise and escape from within the liquid.

Each change of state is reversible. They are examples of physical changes. No
new substances are formed in changes of state. For example, water molecules
(H,0) are the same in ice as they are in liquid water or in water vapour.

Energy changes during changes of state

When you monitor the temperature of a solid as you heat it to beyond its melting
point, the results are surprising. The temperature stops rising at the solid’s
melting point. It remains constant until all the solid has melted, and only then
starts to rise again.

At its melting point, the energy
provided in heating the solid is
being absorbed to break the Melting
forces between the particles in (or freezing)
the solid. Once all the solid
has melted, the energy from
the heat source raises the
temperature of the liquid as
expected.

Solid melts

CDLLEnergy is being used
here to separate
particles from their
neighbours

temperature / °C

Changes of state which involve
particles becoming closer
together, that is, condensing
and freezing (solidifying),
transfer energy to the time / min
surroundings as stronger Figure 3 The heating curve of a solid
forces form between particles.

Summary questions
1 Draw atable to summarise the general properties of solids, liquids, and

gases, as well as the average distance, arrangement, and movement of
their particles.

2 Describe the changes that occur to the particles as a gas is cooled down
to a temperature below its freezing point.

3 Name the following changes:
a liquid — solid b gas — liquid ¢ solid — liquid
d liquid — gas e solid — gas (in a single step)

4 Using the kinetic theory of matter, predict how temperature and pressure
affect the density of a fixed mass of gas.

5 Explain why substances have different melting points in terms of their
particles.

6 Evaporation is the change of state that occurs when a liquid changes to
a gas below its boiling point. You can investigate the factors that affect
the rate of evaporation using a wet paper towel on a high resolution
electronic balance.
Plan an investigation into one factor that might affect the rate of

\ evaporation of water from the paper towel, writing a brief method. )

S § GHE— -

I Cooling curve

Heat a test tube of stearic acid
clamped in a water bath until
its temperature reaches about
75°C. Then remove the test
tube from the hot water and
monitor the temperature as it
falls. Plot or print off a graph of
the results.

Interface

L _‘KTemperature sensor
Clamp stand

Stearic acid
cooling down

N

® What is the melting point of
stearic acid?

B Explain the shape of the line
on your graph.

eaﬁw: Wear eye protection. )

Key points

® The three states of matter are
solids, liquids, and gases.

B The particles in a solid are
packed closely together,
fixed in their positions and
vibrate.

B The particles in a liquid are
also close together but can
slip and slide over each other
in random motion.

B The particles in a gas have,
on average, lots of space
between them and zoom
around randomly.

B Melting and boiling take in
energy from the surroundings
as they take place, whereas
freezing and condensing
transfer energy to the

surroundings when they occur.
\. _J
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Atomic structure

Evidence for particles

All the substances that make up our world are made of tiny particles. These
particles are too small to see, although nowadays the latest powerful
microscopes can show us images of particles. Scientists have developed
special probes that can measure very small forces. These probes can be used
to detect particles, and even position them where you want. However, long

= some evidence for the before the invention of these microscopes, people, such as the ancient Greeks,

exi?ttence of particles in had proposed particle models to explain the properties of materials.
matter

Learning objectives

After this topic, you should
know:

kI why diffusion takes place. Diffusion
J

If somebody does some baking in the kitchen, the smell quickly spreads
through into other rooms. However, you don’t see any particles moving
through the air and up your nose. Yet your sense of smell tells you that it really
is there. The bread or cake gives off invisible particles of itself. These particles
mix with the gas particles in the air.

When particles mix like this it is called diffusion. Diffusion happens
automatically in mixtures that include substances which are liquids and gases.
You don’t need to mix or stir the substances. The particles in liquids and gases
move constantly in a random manner. Gradually, this has the overall effect of
moving particles from an area of high concentration to an area of low
concentration. Eventually the particles of gas in a closed container will be
evenly spread throughout the container.

Diffusion in liquids

I Diffusion through a liquid l

Use tweezers to pick up a few potassium

manganate(vi) crystals. :3&%%%::53?5
Gently place them at the bottom of a beaker of the water
water.
Observe the beaker for a few minutes.
m R 14810y S BT
Does temperature affect Leave your beaker until your next lesson.

the rate of diffusion?

Plan an investigation to see
how temperature affects the

Draw a diagram to show your results.
B Explain what you think happens to the

e | rticles.
rate of diffusion through a RESS RGN Figure 1 Diffusion of
liquid. Use the words particles and diffuse in your potassium manganate(vi)
th h wate
Let your teacher check your SN e
plan before you start any Safety: Wear eye protection. The crystals are
\practical work. ) kharmful and will stain clothing and skin. )

. LL
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Evidence for particles

Diffusion in gases
As in liquids, the random motion of particles in a gas enables diffusion to take
place.

You can show this using a coloured gas, just as you used coloured particles
dissolved in water in the first practical to demonstrate diffusion in a liquid. A
little bromine liquid is placed in a gas jar with a lid. Bromine vapour evaporates
from the volatile liquid and fills the gas jar. Then a second gas jar of air is
placed upside down on top of the original bromine-filled gas jar and the lid is
removed, linking the jars together. Even though bromine vapour is much more
dense than air, the bromine gas gets distributed evenly between the two gas
jars after a time. The rapid, random movement of air and bromine particles
(molecules) ensure complete mixing takes place.

Diffusion takes place more quickly through gases than through liquids. That is
because the particles of gas are moving much more rapidly, on average, than
the particles in a liquid.

You find that lighter particles of gas move faster, on average, than heavy ones
at the same temperature. Therefore small, light particles diffuse faster than
large, heavy ones.

Watch what happens when the stoppers from bottles of concentrated
ammonia solution and hydrochloric acid are brought near each other.

The reaction is:
ammonia + hydrogen chloride - ammonium chloride

NH(9) + HCl(qg) - NH,CI(s)
(seen as white ‘smoke’)

Your teacher will set up the apparatus as shown below:

B, I

Cotton wool soaked in Cotton wool soaked in
ammonia solution (concentrated) hydrochloric acid (concentrated)

\Figure 3 Diffusion of NH_(g) and HCI(g) through air

Figure 2 Bromine vapour diffuses and
mixes thoroughly with the air

Diffusion through a gas B What do you see in the long

tube where the HCl(g) and
NH.(g) particles meet?

B Which particles diffuse faster,
NH.(g) or HCI(g)? How can
you tell?

In this experiment, the particles

meet nearer the acid end of the

tube.

B Which particles are lighter, the
HCI(g) or NH,(g)?

Safety: Do not inhale the gases.
If you are asthmatic take
particular care. )

Summary questions
1 Explain each of the statements below in terms of particles:

a You can smell a fish and chip shop from across the road.
b Sugar dissolves faster in hot water than cold water.
¢ Condensation forms on the inside of your bathroom windows in winter.
d It is dangerous to smoke or strike a match in a petrol station.
2 a Define the word ‘diffusion’.
b Explain why diffusion takes place more quickly in a gas than in a liquid.
3 When pollen grains in water are viewed under a microscope, the grains
are seen to be moving in a haphazard, jittery manner. This is called
Brownian motion, after the scientist who first observed it. Explain how
Brownian motion gives us evidence for the existence of particles in matter.
4 Hydrogen bromide (HBr) is a similar gas to hydrogen chloride (HCI) but
its particles (molecules) are more than twice as heavy. If the
demonstration ‘Diffusion through a gas’ in Figure 3 was done with HBr(g)
\ instead of HCl(g), explain what you would expect to see happen. )

Key points

B All substances are made up
of particles.

® Inliquids and gases, the
random movement of
particles mixes substances in
a process called diffusion.

® Diffusion takes place faster in
a gas than in a liquid.

B Small, light particles diffuse
faster than large, heavy ones.

.

e — | G, U
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Atomic structure

History of the atom

Learning objectives

After this topic, you should
know:

® how and why the atomic
model has changed over time

= that scientific theories are
revised or replaced by new
ones in the light of new
evidence.

ELEMENTS .
O I o Stontian 46
(D Aot .f@ Barytes o8

.ﬁ.@ Lion @
O Oxygen 7 @ Zinc
@ Phosphorcs g @ Copper 54
@ Sulghur /3 @ Lead ¢
@ Magnesia ?4@ Silver V4
@ Line 24 Gold g0
Q]) Soda 28 ® Platina g0
@ Potash 42 0 Mercury /67

Figure 1 Dalton made a list of
substances that he believed were
elements

o + Electron
+

Sphere of positive charge

Figure 3 Thomson's ‘plum pudding’
maodel of the atom

Early ideas about atoms
The ancient Greeks were the first to have ideas about particles and atoms.
However, it was not until the early 1800s that these ideas became linked to
strong experimental evidence when John Dalton put forward his ideas about
atoms. From his experiments, he suggested that substances were made up of
atoms that were like tiny, hard spheres. He also suggested that each chemical
element had its own atoms that differed from others in their mass (Figure 1).
Dalton believed that these atoms could not be divided or split. They were the
fundamental building blocks of nature.

In chemical reactions, he suggested that the atoms re-arranged themselves
and combined with other atoms in new ways. In many ways, Dalton’s ideas are
still useful today. For example, they help to visualise elements, compounds,
and molecules, as well as the models still used to describe the different
arrangement and movement of particles in solids, liquids, and gases.

Evidence for electrons in atoms

At the end of the 1800s, a scientist called J. J. Thomson discovered the
electron. This is a tiny, negatively charged particle that was found to have a
mass about 2000 times smaller than the lightest atom. Thomson was
experimenting by applying high voltages to gases at low pressure (Figure 2).

To vacuum
Gas at very prmp Thin slit
low pressure | /
I
::::)::::::::::::::::):::::::::::::::):::;::;:::::::ﬁV)\

Glass glows as it is
struck by rays coming
from the negative
electrode - the rays

are streams of electrons

Figure 2 Thomson's experimental evidence for the existence of electrons

Thomson did experiments on the beams of particles. They were attracted to a
positive charge, showing they must be negatively charged themselves. He
called the tiny, negatively charged particles electrons. These electrons must
have come from inside atoms in the tube. So Dalton’s idea that atoms could
not be divided or split had to be revised. Thomson proposed a different model
for the atom. He said that the tiny, negatively charged electrons must be
embedded in a cloud of positive charge. He knew that atoms themselves carry
no overall charge so any charges in an atom must balance out. He imagined
the electrons as the bits of plum in a plum pudding (Figure 3).

Evidence for the nucleus

The next breakthrough in understanding the atom came about 10 years later. Two
of Emest Rutherford’s students were doing an experiment with radioactive
particles. They were firing dense, positively charged particles (called alpha

e
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History of the atom

particles) at the thinnest piece of gold foil they could make (see Figure 4). They Gold foil
expected the particles to pass straight through the gold atoms with their diffuse : . ﬁ
cloud of positive charge (as in Thomson’s plum-pudding model). However, their

results shocked them (Figure 4) as some particles came back towards the source. Positively charged

particles (alpha
particles)
emitted here

In 1911, Ernest Rutherford interpreted their results and suggested a new model
for the atom (Figure 5). He said that Thomson’s atomic model was not possible.

The positive charge must be concentrated at a tiny spot in the centre of the Pl

atom. Otherwise the large, positive particles fired at the foil could never be SErEEN

repelled back towards their source. He proposed that the electrons must be Figure 4 The alpha particle scattering
orbiting around this nucleus (centre of the atom), which contains very dense experiment that changed the “plum

positively charged protons (Figure 5). pudding’ theory

A dense,
positively
charged
nucleus

Evidence for electrons in shells (energy levels)
Electrons

The next important development came in 1914, when Niels Bohr revised the zoom around
atomic model again (Figure 6). He noticed that the light given out when atoms " "
were heated only had specific amounts of energy. He suggested that the

electrons must be orbiting the nucleus at set distances, in certain fixed energy  rigure 5 Rutherford’s nuclear model of the
levels (or shells). The energy must be given out when ‘excited’ electrons fall atom

from a high to a low energy level. Bohr matched his model to the energy values

observed (see Figure 6).

Evidence for neutrons in the nucleus L Energy s
N ) , Excited ———""x given out

Scientists at the time speculated that there were two types of sub-atomic electron / =3

particles inside the nucleus. They had evidence of protons, but a second fa:'s il ol M Rindisus

sub-atomic particle in the nucleus was also proposed to explain the missing ;S:S ¥ ./'j/

mass that had been noticed in atoms. These neutrons must have no charge level ) [ Fixed energy

and have the same mass as a proton. levels

Because neutrons have no charge, it was very difficult to detect them in
experiments. It was not until 1932 that James Chadwick did an experiment that
could only be explained by the existence of neutrons!

Key points
Summary questions
B The ideas about atoms have
1 a Which one of Dalton’s ideas listed below about atoms do scientists changed over time.

no longer believe?
A Elements contain only one type of atom. ® New evidence has
B Atoms get re-arranged in chemical reactions. been gathered from the
C Atoms are solid spheres that cannot be split into simpler particles. experiments of scientists
b Which of the following substances from Dalton’s list of elements who have used thelr-modgl
(Figure 1) are not actually chemical elements? of the atc!m to explain thel-r
soda oxygen carbon gold lims observations and calculations.

2 a Which sub-atomic particle did J. J. Thomson discover? ® Key ideas were proposed

b Describe J. J. Thomson's ‘plum pudding’ model of the atom. successively by Dalton,
Thomson, Rutherford, and

Figure 6 Bohr's model of the atom

3 State two ways in which Rutherford changed Thomson’s model of Bohr, before arriving at the
Hhisatoon; model of the atom you use at
\4 Explain why Bohr revised Rutherford’s model of the atom. ) GCSE level today.
\. J
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Learning objectives

After this topic, you should
know:

® the definition of an element

® that each type of atom has a
chemical symbol

¥ the basic structure of the
periodic table

® the basic structure of an
atom.

. =

Figure 1 Anelement contains only one
type of atom - in this case gold
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Atomic structure

Look at the things around you and the substances that they are made from.
You will find wood, metal, plastic, glass ... the list is almost endless. Look
further and the number of different substances is mind-boggling.

All substances are made of atoms. There are about 100 different types of atom
found naturally on Earth. These can combine in a huge variety of ways, giving
us all those different substances.

Some substances are made up of only one type of atom. These substances
are called elements. It follows that as there are only about 100 different types
of atom, there are only about 100 different elements.

Elements can have very different properties. Elements such as silver, copper,
and gold are shiny, solid metals. Other elements such as oxygen, nitrogen, and
chlorine are non-metals, and are gases at room temperature.

Chemical symbols

The name given to each different element depends on the language being
spoken. For example, the element sulfur is called schwefel in German and
azufre in Spanish. However, the scientific community communicates globally so
it is important to have symbols for elements that all nationalities can
understand. These symbols are shown in the periodic table.
B The symbols in the periodic table represent atoms. For example,

O represents an atom of oxygen, Na represents an atom of sodium.

0
Group numbers H Hze |
1
1 2 et 3 4 5 6 7 | Helum
Li Be B Cc N (1] F Ne
3 4 5 6 7 8 9 10
Lithium | Beryllium Boron Carbon umngen Oniygen Fuaorine | Heon
Na | Mg Al ST G TR T §L
1 12 jis 14 15 16 17 18
Sodum | Magnesum Auminim | Siicon | | Poghonss | Suir | Ghkene | ||| Agoa | |
K Ca Sc Ti v cr | mMn Fe Co Ni Cu In Ga Ge As' || se L
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Potassium | Caiciim | Scandum | Titnium | Vanadum | Chromium | Manganese on Cobalt Nickel Copper Tinc Gaflum | | Germanium - Arsenic | | Selenium Bromine | =N'w‘hﬂn_
R | sr Y zr | Nb | Mo | ¢ | Ru | Rn | Pd | Ag | cd | m | sn [ sn | Te SHHEH
37 38 39 40 M 42 43 44 45 46 47 48 49 50 51 52 53 AR
Rubidium | Strontum | Yitum | Zeconum | Niobum |Mohbdenum | Technetum | Ruhenium | Fhodum | Paladum | Siker | Cadmium | | ndhm Tn | | | [Antimoay § Telwum | | lodine | || | Yenon |
Cs Ba | iutaun| HE Ta w Re 0s Ir Pt Au Hg Tl Pb | Bi | Po At | Rn
55 56 | | [Ekndad] 72 73 74 75 76 77 78 79 80 81 82 |83 84 8 | 8
Cagsium Barium Hafmum | Tantaum | Tungsten | Rhenium Osmium ridium Platinum Gold Merowy Thaliium Lead | Bamuth | | Polonium Adatne | ||  Radon |
Fr Ra [|122R1 1 4 4
87 B8 | seebeiom The transition metals The The
g | | fedum halogens noble
4 4 gases
The The
alkali alkaline La Ce Pr Nd | Pm | sm | Eu | Gd Th Dy Ho B | Tm | ¥b Lu
metals earth LT 58 59 60 61 62 63 64 65 66 67 68 69 70 i1
metals/ Lanthanium | | Ceriom | [Praseotymium | Neodymium | Promethm | Samarum | Europum | Gadoinium | | Tesium | | Dysprosum | Homium || | Eium | | | Thlum | ¥iterbim | Lutetiom
Larithanicss e | th [[Pa ([ U [ Np | Pu | Am | Gm | Bk | ©f | E | Fm | ™a | N | Lr
Actinides ——| 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinium | | Thoriom | | Profactinum | - Uranium | | Meptunium | [Plutookum | ‘Americium | = Cosium | | Bedielum | Caifomium | Ensteinium | Fermium  [Mendelevium| MNobelium | Lawrencium

Figure 2 The periodic table shows the symbols for each type of atom
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B The elements in the table are arranged in columns, called groups. Each
group contains elements with similar chemical properties.

B The ‘staircase’ drawn in bold black is the dividing line between metals and
non-metals. The elements to the left of the line are metals. Those on the right
of the line are non-metals. However, a few elements lying next to the dividing
line are called metalloids or semi-metals as they have some metallic and
some non-metallic characteristics. Examples include silicon (Si) and
germanium (Ge) from Group 4.

Atoms, elements, and compounds

Most substances you encounter are not elements. They are made up of different
types of atom joined together and are called compounds. Chemical bonds hold
the atoms tightly together in compounds. Some compounds are made from just
two types of atom (e.g., water, made from atoms of hydrogen and oxygen).
However, most compounds consist of more than two different types of atom.

An atom is made up of a tiny central nucleus with electrons around it.

//’Elmtmns

Nucleus

------- & Figure 3 Each atom
., consists of a tiny nucleus
i g surrounded by electrons

Summary questions
1 a Armange these elements into a table showing metals and non-metals:

phosphorus (P), barium (Ba), vanadium (V), mercury (Hg), krypton
(Kr), potassium (K), and uranium (U).
b Would you classify hydrogen as a metal or a non-metal. Why?

2 Explain why, when you mix two elements together, you can often
separate them again quite easily by physical means, but when two
elements are chemically combined in a compound they are usually very
difficult to separate.

3 Draw diagrams to explain the difference between an element and a
compound.

4 Describe the basic structure of an atom.

5§ Find out the Latin words from which the symbols of the following metallic
elements are derived:
\ a sodium, Na b gold, Au

¢ lead, Pb d potassium, K )

——————————————————————— e

D links

For more infarmation on the
periodic table of elements,
see 3.1 ‘The periodic table’.

2

Did you know ... ?

Only 92 elements occur
naturally on Earth. The other
heavier elements in the periodic
table have to be made artificially
and might only exist for
fractions of a second before
they decay into other, lighter

' elements.

( [H] | Chemicalbonds |
A 4 Nl

Figure 4 A grouping of two or more
atoms bonded together is called a
molecule. Chemical bonds hold the
hydrogen and oxygen atoms together in
the water molecule. Water is an example
of a compound.

D links

For more infarmation on what is
inside an atom, see 1.5 "Atomic
structure’ and 1.6 ‘The
arrangement of electrons in atoms’.

Key points

E All substances are made up
of atoms.

E The periodic table lists all the
chemical elements, with eight
main groups each containing
elements with similar
chemical properties.

® Elements contain only one
type of atom.

® Compounds contain more
than one type of atom.

B An atom has a tiny nucleus
at its centre, surrounded by

electrons.
\ _J
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Learning objectives

After this topic, you should
know:

® the location and relative
charge of the protons,
neutrons, and electrons in
an atom

® what the ‘atomic number’ and
‘mass number’ of an atom
represent

B why atoms have no overall
charge

B that atoms of a particular
element have the same
number of protons.

2

Did you know ... ?

In 1808, a chemist called John
Dalton published a theory of
atoms. It explained how atoms
joined together to form new
substances (compounds). Not
everyone liked his theory
though — one person wrote
‘Atoms are round bits of wood
. invented by Mr Dalton!’

Figure 2 You read the periodic table from
left to right, and from the top down - just
like reading a page of writing. This is an
abbreviated version of the start of the
periodic table, showing the first

18 elements. The elements in the

periodic table are arranged in order of
their atomic number.

RM.DL.BOOKS GROUPS
Atomic structure

Atomic structure

In the centre of every atom there is a very small nucleus. This contains two types
of sub-atomic particle, called protons and neutrons. A third type of sub-atomic
particle orbits the nucleus. These really tiny particles are called electrons.

Protons have a positive charge. Neutrons have no charge, that is, they are
neutral. So the nucleus itself has an overall positive charge. The electrons
orbiting the nucleus are negatively charged. The relative charge on a proton is
+1 and the relative charge on an electron is —1.

Type of sub-atomic particle Relative charge
Proton +1
Neutron 0
Electron =1

Because every atom contains equal numbers of protons and electrons, the
positive and negative charges cancel out and its charge is zero. So, there is no
overall charge on any atom. For example, a carbon atom is neutral. It has

six protons, so therefore it must have six electrons.

Electron
Proton

Neutron
Nucleus

Figure 1 Understanding the structure of an atom gives us important clues to the way
chemicals react together. If you look carefully, this atom of carbon has six protons and six
neutrons in its nucleus, and six electrons orbiting the nucleus. Note that although the number
of protons and electrons are always equal in an atom, the number of neutrons can differ (but
in this case they are the same).

Atomic number and the periodic table of elements

All the atoms of a particular element have the same number of protons. For
example, hydrogen has 1 proton in its nucleus, carbon has 6 protons in its
nucleus, and sodium has 11 protons in its nucleus.

The number of protons in each atom of an element is called the atomic
number of that element.

HLLET

H He

1 .

Li | Be B|[C|[N|O F | Ne
T SHERERICTRRREE 11T R | ""....,.-:-P
Na | Mg Al [ sifFRE s [ en ] Ar
11 12 13 14 isedlil 18 17 el T
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Atomic structure

The elements in the periodic table are arranged in order of their atomic number
(humber of protons). If you are told that the atomic number of an element is 8,
you can identify it using the periodic table. It will be the eighth element listed,
that is, oxygen.

Mass number

The number of protons plus the number of neutrons in the nucleus of an
atom is called its mass number. So, if an atom has four protons and five

neutrons, its mass number willbe 4 + 5=09. Inan atqm, the number of
protons is always equal to the

Given the atomic number and mass number, you can work out how many number of electrons. You can

protons, electrons and neutrons are in an atom. For example, an argon atom find out the number of protons

has an atomic number of 18 and a mass number of 40. and electrons in an atom by

m |ts atomic number is 18 so it has 18 protons. Remember that atoms have an looking up its atomic number in

equal number of protons and electrons. So argon also has 18 electrons. , the periodic table.
B The mass number is 40, so you know that:

18 (the number of protons) + the number of neutrons = 40 CD links

® Therefore, argon must have 22 neutrons (as 18 + 22 = 40). For more information on the
pattems in the periodic table, see
1.6 ‘The arrangement of electrons
number of neutrons = mass number — atomic number in atoms”.

You can summarise the last part of the calculation as:

Summary questions
1 Draw atable showing the location and relative charge of the three Key points

sub-atomic particles. -

Atoms are made of protons,
2 Look at the abbreviated periodic table in Figure 2. neutrons, and electrons.
a How does the number of electrons in each atom vary going across
each row (called a period) in the table?
b What patter do you notice in the number of protons going down

B Protons have a relative
charge of +1, and electrons
have a relative charge of —1.

Group 07 ‘ ‘ Neutrons have no electric
¢ Sort out the elements in the table into metals, non-metals, and charge. They are neutral.
metalloids.

B Atoms contain an equal

number of protons and
4 An atom has 27 protons and 32 neutrons. Use the periodic table in electrons so carry no overall

Topic 1.4 to name this element, and give its symbol, atomic number, and charge.
mass number.

3 Explain why all atoms are neutral.

B Atomic number

5 How many protons, electrons, and neutrons do the following atoms = number of protons
contain? (= number of electrons)
a A nitrogen atom whose atomic number is 7 and whose mass number
fadd. ® Mass number
b A chlorine atom whose atomic number is 17 and whose mass number = number of protons +
is 35 number of neutrons
c A silver atom whose atomic number is 47 and whose mass number ® Atoms of the same element
is 108. have the same number
d A uranium atom whose atomic number is 92 and whose mass number of protons (and therefore
\ is 235. ) electrons) in their atoms.
\. _J
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Learning objectives

After this topic, you should
know:

® how the electrons are
arranged in an atom

® the electronic structures of
the first 20 elements in the
periodic table

B how to represent electronic
structures in diagrams and

by using standard notation.

1 2,3
Hydrogen H Boron B
26 283
Oxygen O Aluminium Al
288 2,882
Argon Ar Calcium Ca

Figure 2 Once you know the pattern, you
should be able to draw the energy levels
(shells) and electrons in the atoms of any
of the first 20 elements (given their atomic
number)

RM.DL.BOOKS GROUPS
Atomic structure

The arrangement of electrons

in atoms

The model of the atom which you use at this level has electrons arranged
around the nucleus in shells, rather like the layers of an onion. Each shell
represents a different energy level.

The lowest energy level is shown by the shell which is nearest to the nucleus.
The electrons in an atom occupy the lowest available energy level (the shell
closest to the nucleus).

Electron shell diagrams

An energy level (or shell) can only hold a certain number of electrons.

B The first, and lowest, energy level (nearest the nucleus) can hold up to
2 electrons.

B The second energy level can hold up to 8 electrons.

B Once there are 8 electrons in the third energy level, the fourth begins to
fill up.

Beyond this point, that is, after the first 20 elements in the periodic table, the
situation gets more complex so is covered in higher level courses. You only
need to know the arrangement of electrons in atoms of the first 20 elements.

You can draw diagrams to show the arrangement of electrons in an atom. For
example, a sodium atom has an atomic number of 11 so it has 11 protons,
which means it also has 11 electrons. Figure 1 shows how you can represent
an atom of sodium.

To save drawing atoms all the time, you
can write down the number of electrons
in each energy level. This is called an
electronic structure. For example, the
\\‘ sodium atom in Figure 1 has an
electronic structure of 2,8,1. You start at
Figure 1 A simple way of representing the lowest energy level (innermost or
the arrangement of electrons in the first shell), recording the numbers in
energy levels (shells) of a sodium atom each successive energy level or shell.

Silicon, whose atoms have 14 electrons, is in Group 4 of the periodic table. It
has the electronic structure 2,8,4. This represents 2 electrons in the lowest
energy level (first shell), then 8 in the next energy level or shell. There are 4 in
the highest energy level (its outermost shell).

The best way to understand these arrangements is to look at the examples in
Figure 2.

Make sure that you can draw the electronic structure of the atoms for all of
the first 20 elements. You will always be given their atomic number or their
position in the periodic table (which tells you the number of electrons) — so

& you don’t have to memorise these numbers. |
-~
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Electrons and the periodic table

Look at the elements in any one of the main groups of the periodic table. Their
atoms will all have the same number of electrons in their highest energy level.
These electrons are often called the outer electrons because they are in the
outermost shell. Therefore, all the elements in Group 1 have one electron in

© 00O

The chemical properties of an element depend on how many electrons it has.
The way an element reacts is determined by the number of electrons in its
highest energy level (or outermost shell). So because the elements in a
particular group all have the same number of electrons in their highest energy
level, they all react in a similar way.

For example:

lithium + water — lithium hydroxide + hydrogen
sodium + water —» sodium hydroxide + hydrogen
potassium + water — potassium hydroxide + hydrogen

The elements in Group 0 of the periodic table are called the noble gases
because they are unreactive. Their atoms have a very stable arrangement of
electrons. All the Group 0 elements have eight electrons in their outermost
shell, except for helium, which has only two electrons.

Summary questions

1 a Which shell represents the lowest energy level in an atom?
b How many electrons can each of the lowest two energy levels hold?

2 Using the periodic table, draw the arrangement of electrons in the

following atoms and label each one with its electronic structure.
a He b Be c Cl d Ar

3 a Write the electronic structure of potassium (atomic number 19).
b How many electrons does a potassium atom have in its highest
energy level (outermost shell)?

4 Give the name and symbol of the atom shown:

©

5 a Why do the Group 1 metals all react in a similar way with oxygen?
b Write word equations for the reactions of lithium, sodium, and
\ potassium with oxygen to form their oxides. )

Thearrangementofelectronsin atoms

_ LITHIUM

—

Figure 3 The Gmup 1 metals are all
reactive metals, shown here stored
under oil

CD links

For more information on the
reactions of elements and their
electronic structures, see Chapter 3
‘The periodic table’.

Key points

B The electrons in an atom are
arranged in energy levels or
shells.

B The lowest energy level
(1st shell) can hold up to
2 electrons and the next
energy level (the 2nd shell)
can hold up 8 electrons.

B The 4th shell starts to fill after
8 electrons occupy the 3rd
shell.

® The number of electrons in
the outermost shell of an
element’s atoms determines
the way in which that element

reacts.
- ,




Learning objectives

After this topic, you should
know:

® the relative masses of

protons, neutrons, and
electrons

= how to represent an atom’s
atomic number and mass
number

B the definition of isotopes.
& P,

?’). Did you know ... ?

The volume of the nucleus of an

atom can be between 10000

and 100000 times smaller than
. the volume of the atom itself.

& ))C

@ Proton Number of protons gives
atomic number

@ Neutron Number of protons plus
number of neutrons gives
mass number

Figure 1 An atom of carbon
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Atoms and isotopes

As you have seen, an atom consists of a tiny nucleus containing positively
charged protons, together with neutrons which have no charge. The negatively
charged electrons are arranged in energy levels (shells) around the nucleus.

The mass of a proton and a neutron is the same so you can say that the ‘relative
mass’ of a neutron compared with a proton is 1. Electrons are much, much
lighter than protons and neutrons. They have a mass of about 55 of a proton
or neutron. Because of this, the mass of an atom is concentrated in its nucleus
and you can ignore the tiny mass of the electrons when working out the relative
mass of an atom.

Type of sub-atomic particle Relative mass
Proton 1
Neutron 1
Electron very small

Representing the atomic number and mass number

Remember that:
B the number of protons in an atom is its atomic number, and
B the total number of protons and neutrons in an atom is its mass number.

You can show the atomic number and mass number of an atom like this:
Mass number
12 23
C (carbon) Na (sodium)
6 11
Atomic number

Given this information, you can work out the number of neutrons in the nucleus of
an atom by subtracting its atomic number from its mass number. (See page 13).

number of neutrons = mass number - atomic number
For the two examples above:

Carbon has 6 protons and a mass number of 12.
So the number of neutrons in a carbon atom is (12 — 6) = 6.

Sodium has an atomic number of 11 and the mass number is 23.
So a sodium atom has (23 — 11) = 12 neutrons.
In its nucleus there are 11 protons and 12 neutrons.
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Isotopes

Atoms of the same element always have the same number of protons.
However, they can have different numbers of neutrons.

The name isotopes is used to describe atoms of the same element with
different numbers of neutrons.

Isotopes always have the same atomic number but different mass numbers. For
example, two isotopes of carbon are '3C (also written as carbon-12) and 'éC
(carbon-14). The carbon-12 isotope has 6 protons and 6 neutrons in the nucleus.
The carbon-14 isotope has 6 protons and 8 neutrons, that is, 2 more neutrons than
carbon-12. Chemists use the carbon-12 isotope to compare masses of all the other
elements listed in the periodic table. These ‘relative atomic masses’ take into
account the proportions of an element’s different isotopes (see page 100).

Sometimes extra neutrons make the nucleus unstable, so it is radioactive.
However, not all isotopes are radioactive — they are simply atoms of the same
element that have different masses.

Samples of different isotopes of an element have different physical properties.
For example, they will have a different density and they may or may not be
radioactive. However, they always have the same chemical properties because
their reactions depend on their electronic structures. As their atoms will have
the same number of protons, and therefore electrons, the electronic structure
will be same for all isotopes of an element.

For example, look at the three isotopes of hydrogen in Figure 2. The three isotopes
are called hydrogen (hydrogen-1), deuterium (or hydrogen-2), and tritium (or
hydrogen-3). Each has a different mass and tritium is radioactive. However, all have
identical chemical properties, for example, they all react with oxygen to make water:

2H,(g) + O,(g) — 2H,0())

Radioactive isotopes are used as tracers in medicine using relatively safe
isotopes that can be tracked inside the body using radioactivity detectors. In
industry their main use is in generating electricity in nuclear power stations.

Summary questions
1 Draw atable to summarise the relative mass and charge of the three

sub-atomic particles.

2 State how many protons and how many neutrons there are in the
nucleus of each of the following elements:
B b 4N ¢ Mg d ¥cCl e &I
3 Define the word ‘isotopes’.

4 a Which physical property will always differ in pure samples of each
isotope of the same element?

b Explain why the isotopes of the same element have identical chemical
properties?

5 a The same volume of any gas contains the same number of molecules.
If the density of hydrogen gas containing only the hydrogen-1 isotope
is 0.00008 g/cm?® at 25 °C, what will be the density of the gas containing
only the hydrogen-3 isotope at 25°C?

b Name one hazard associated with both gases containing hydrogen-1
or hydrogen-3 isotopes.
¢ Name a hazard associated with the gas containing hydrogen-3 which
\ does not apply to the hydrogen-1 sample. )

Atoms and isotopes

: \ / N
A,

‘H Hydrogen 1H Deuterium

I\(& )
Tn—
H Tritium
Figure 2 The isotopes of hydrogen — they

have identical chemical properties but
different physical properties, such as density

D links

For more information on relative
atomic mass, see Topic 8.2
‘Relative masses and moles’

?_ 4 Did you know ... ?

Cobalt-60 is a radioactive
isotope used to kill cancerous
cells using the gamma rays it
emits. About 200 sources of the
‘radio-isotope’ can be focussed
on a specific area e.g. a tumour
in the brain.

Key points

B The relative mass of protons
and neutrons is 1.

B You can represent the atomic
number and mass number of
an atom using the notation:
Mg, where magnesium’s
atomic numberis 12 and its
mass number is 24.

B |sotopes are atoms of the
same element with different
numbers of neutrons. They
have identical chemical
properties, but their physical
properties, such as density,

can differ.
. w,
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Chapter summary questions

1 Arsenic (As)is a solid element that sublimes at 613 °C. a What is the physical state of each element in the table
a What is sublimation? at 25°C?
b Assuming arsenic exists as atoms, draw a diagram to b Which element exists as a liquid over the widest range
show the arrangement of some of its particles in boxes of temperature?
like the ones below: ¢ Explain the large differences in the densities of the
elements in the table using the kinetic theory of matter.
ﬂ d What is the chemical symbol for atoms of each element

in the table?

¢ Which of these processes take in energy from the e Classify each element in the table as a metal or a

surroundings? non-metal.
boiling melting freezing condensation sublimation 4 a i Which sub-atomic particles are found in the
2 Look at th iment below: nucleus?
e ii What is the maximum number of electrons that can
_\ = — — = J occupy each of the first two energy levels or shells?
e X Y a
[ “{3 \H} .. J\Cf b i Explain the overall charge on any atom.
f/' \I_l \ \ — \ A ii Define ‘atomic number’ and ‘mass number’.
Rubber Cotton wool soaked ~ Glass ~ Yellow Cotton wool 5 This question is about some of the elements in the
stopper in agueous tube powder soaked in sulfur eriodic table
hydrogen sulfide dioxide solution P )

You will need to use the periodic table to help you answer
Hydrogen sulfide gas is released from the cotton wool at some parts of the question. See page 41.

Xand sulfurdioxide gas from the cotton wool ot ¥ a Neon (Ne) is the 10th element in the periodic table.

a The yellow powder inside the glass tube forms after i  Is neon a metal or a non-metal?
10 minutes. Explain how the yellow powder forms ii  Are there more metals or non-metals in the
using the kinetic theory of matter. periodic table?
b Name the physical process that this experiment iiil. How many protons does an neon atom contain?
demonstrates. iv.  The mass number of a neon atom is 20. How
¢ Why is the yellow powder formed nearer to end Y of many neutrons does it contain?
the tube? v State the name and number of the group to which

neon belongs.

vi Name two other elements in the same group as
neon.

vii Write the electronic structure of a neon atom.

viii What is special about the electronic structure of
neon and the other elements in its group?

d Draw along tube and show the possible path of a
hydrogen sulfide particle (molecule) travelling down
the tube.

e The original experiment was carried out at 18°C.
Predict any difference you might notice if the

experiment was repeated at 25°C.
b The element radium (Ra) has 88 electrons.

3 Look at the data in the table below: i How many protons are in the nucleus of each
radium atom?
Chemical Melting Boiling Density ii How many electrons does a radium atom have in its
element point (°C) | point (°C) (o/cm?) highest energy level (outermost shell)? How did you
Bromine o7 59 3192 decide on your answer?

iii Is radium a metal or a non-metal?

Caesium = 66y 188 iv Calcium is in the same group as radium. Its atomic
Fluorine -220 -188 0.00158 number is 20. Write down its electronic structure.
Strontium 769 1384 26 v All the isotopes of radium are radioactive. Give one
medical and one industrial use of radicactive
Xenon -112 -108 0.0055 isotopes.

-
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Practice questions

1 Use words from the list to complete the table to show the
state of matter described.

gas liquid solid

Description State

particles close together but not moving
around

particles very far apart

particles close together but continuously
moving around

)

2 a Explain the difference between an element and a

compound. (2)
b Why is ammonia classified as a compound but air is

classified as a mixture? (2)
¢ Name the change of state in each of these processes.

i H,0(g) — H,0(l) (1)

i H,0() —» H,0(g) (1)

i L(s) - L(g) (1)

3 A crystal of copper(n) sulfate is placed at the bottom of a
beaker of water and left for a few days.

a Describe the appearance of the liquid in the beaker
after a few days. (2)

b How does the appearance of the crystal change during
the experiment? (1)

¢ Name two processes that occur during the
experiment. (2)

4 The diagram shows the apparatus used in a teacher
demonstration.

Cotton wool soaked in Cotton wool soaked in
ammonia solution {concentrated) hydrochloric acid (concentrated)

a Describe the observations you would make after a few
minutes. (2)

b Use state symbols to complete the symbol equation
for the reaction that occurs.

NH,(..) +HCI(.) — NH,CI(..) (1)
¢ Explain how this experiment shows that ammonia

molecules have a smaller mass than hydrogen chloride
molecules. (1)

-+ sl

5 The atoms in a sample of neon can be represented as
22Ne and % Ne.

These atoms are isotopes.

a Explain the term ‘isotopes’. (2)

b Explain why isotopes have identical chemical
properties. (1)

¢ Copy these statements and use numbers to

complete them.
i The number of protons in an atom of 2Ne

IS e ; (1)
ii The number of electrons in an atom of 33Ne

I8 s sivsusican ; (1)
iii The number of neutrons in an atom of 35 Ne

iS e ) (1)
iv. The mass number of 35Ne is ... y (1)

d The relative atomic mass of neon is 20.2.

Which of the two isotopes is more abundant? (1)

6 Electrons in atoms are arranged in energy levels (or
shells) at different distances from the nucleus. Copy
these statements and use numbers to complete them.

a The maximum number of electrons in the first shell is
____________ 5 (1)

b The maximum number of electrons in the second
shellis ... (1)

¢ Atoms of sodium have electrons in ... shells. (1)

d The number of electrons in the third shell of an atom
of phosphorusiis ........... : (1)

e The atomic number of an atom with the electronic
structure 2,8,6 is ........... i (1)




Learning objectives

After this topic, you should
know:

® what a chemical compound
is

® how elements form
compounds

® how atoms can form either
positive or negative ions

B how the elements in
Group 1 bond with the
elements in Group 7.

\

Sodium
2,8,1

Na’
2,8

Figure 2 A positive sodium ion (Na*} is
formed when a sodium atom loses an
electron during ionic bonding

Chapter 2 Structure and bonding

Atoms into ions

You already know that it is possible to mix two substances together without
either of them changing. For example, you can mix sand and salt together and
then separate them again. No change will have taken place. But in chemical
reactions the situation is very different.

When the atoms of two or more elements react they make a compound.
A compound contains two or more elements which are chemically combined.

The compound formed is different from the elements and you cannot get the
elements back again easily. You can also react compounds together to form
other compounds. However, the reaction of elements is easier to understand
as a starting point.

Mixing Sand
Sand Blue copper Mixture of sand Blue copper  Blue copper
sulfate and copper - sulfate in sulfate
sulfate Y solution
Copper ; and
S * sulfate Mol separated
Reacting
Sodium Chlorine Sodium
chloride
HEAT /
2Na - Cl, e Reaction —_— 2NaCl
sodium chlorine sodium chloride
new compound

Figure 1 The difference between mixing and reacting. Separating mixtures is usually

quite easy, but separating the elements from compounds once they have reacted can be
difficult.

The atoms of the noble gases, in Group 0 of the periodic table, have an
arrangement of electrons that make them stable and unreactive. However,
most atoms do not have this electronic structure. When atoms react they take
part in changes which give them a stable arrangement of electrons. They may
do this either:

B by sharing electrons, which is called covalent bonding, or

B by transferring electrons, which is called ionic bonding.

Losing electrons to form positive ions

In ionic bonding the atoms involved lose or gain electrons to form charged
particles called ions. The ions have the electronic structure of a noble gas. So,
for example, if sodium (2,8,1), from Group 1 in the periodic table, loses one
electron, it is left with the stable electronic structure of neon (2,8).
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Atoms into ions

However, it is also left with one more proton in its nucleus than there are
electrons around the nucleus. The proton has a positive charge so the sodium
atom has now become a positively charged ion. The sodium ion has a single
positive charge. You write the formula of a sodium ion as Na*. The electronic
structure of the Na* ion is 2,8. This is shown in Figure 2.

Chlorine
287

Gaining electrons to form negative ions

When non-metals react with metals, the non-metal atoms gain electrons to
achieve a stable noble gas structure. Chlorine, for example, has the electronic
structure 2,8,7. It is in Group 7 of the periodic table. By gaining a single
electron, it gets the stable electronic structure of argon (2,8,8).

In this case, there is now one more electron than there are positive protons in
the nucleus. So the chlorine atom becomes a negatively charged ion. This
carries a single negative charge. You write the formula of the chloride ion as
ClI-. Its electronic structure is 2,8,8. This is shown in Figure 3.

Cl-
2,88

Representing ionic bonding

Metal atoms, which tend to lose electrons, react with non-metal atoms, which Figure 3 A negative chioride ion (CF) is
tend to gain electrons. So when sodium reacts with chlorine, each sodium formed when a chlorine atom gains an
atom loses an electron and each chlorine atom gains an electron. They both electron during ionic bonding

form stable ions. The electrostatic attraction between the oppositely charged

Na* ions and CI- ions is called ionic bonding.

You can show what happens in a diagram. The electrons of one atom are
represented by dots, and the electrons of the other atom are represented by
crosses. This is shown in Figure 4.

= \Yama N
QO-O K

2,81 28,7 : 28,8

NaCl (Na‘Cl ) Key points

Figure 4 The formation of sodium chloride (NaCl) — an example of ion formation by
transferring an electron B Elements react together to

form compounds by gaining

Summary questions or losing electrons or by
1 a When atoms bond together by sharing electrons, what type of bond is shaning sloctrons.

formed? ® The elements in Group 1
b When ions bond together as a result of gaining or losing electrons, react with the elements
what type of bond is this? in Group 7. As they react,

atoms of Group 1 elements
can each lose one electron
to gain the stable electronic

2 Explain how and why atoms of Group 1 and Group 7 elements react with
each other, in terms of their electronic structures.

3 Write electron structures to show the ions that would be formed when the structure of a noble gas. This
following atoms are involved in ionic bonding. For each one, state how electron can be given to an
many electrons have been lost or gained and show the charge on the atom from Group 7, which
ions formed. then also achieves the stable
a aluminium (Al) b fluorine (F) electronic structure of a

\ ¢ potassium (K) d oxygen (O) ) noble gas.
\. _J

S D § G -



Learning objectives

After this topic, you should
know:

B how ionic compounds are
held together

= which elements, as well as
those in Groups 1 and 7, form
ions

B how the charges on ions are
related to group numbers in

the periodic table.
J
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Structure and bonding

lonic bonding

You have seen how positive and negative ions form during some reactions.
lonic compounds are usually formed when metals react with non-metals. It is
the metals that form positive ions and the non-metals that form negative ions.

The ions formed are held next to each other by very strong forces of attraction
between the oppositely charged ions. This electrostatic force of attraction,
which acts in all directions, is called ionic bonding.

The ionic bonds between the charged particles result in an arrangement of
ions that is known as a giant structure (or a giant lattice). If you could stand
among the ions they would seem to go on in all directions forever.

lons and the periodic table

You have seen how atoms in Group 1 of the periodic table have 1 electron in
their outermost shell (or highest energy level) and form 1+ ions. Group 7
atoms have 7 electrons in their outermost shell and form 1-ions. The group
number gives us the number of electrons in the outermost shell. So how does
the group number relate to the charges on the ions formed from atoms?

Sometimes the atoms reacting need to gain or lose two electrons to gain the
stable electronic structure of a noble gas. An example is when magnesium
(2,8,2), from Group 2, reacts with oxygen (2,6), from Group 6. When these two
elements react they form magnesium oxide (MgO). This is made up of
magnesium ions with a double positive charge (Mg?) and oxide ions with a
double negative charge (0%).

So you can say that when atoms form ionic bonds, atoms from

Group 1 form 1+ions

Group 2 form 2+ ions

Group 3 form 3+ ions, when they form ions as opposed to sharing electrons

Group 4 do not form ions (apart from tin and lead at the bottom of the group)

Group 5 form 3-ions, when they form ions as opposed to sharing electrons
Group 6 form 2—ions, when they form ions as opposed to sharing electrons
Group 7 form 1-ions, when they form ions as opposed to sharing electrons

Group 0 never form ions in compounds.

Figure 1 shows how the electrons are transferred between a magnesium atom
and an oxygen atom.

2+

2,82 2,6 2,8 Mg0 2,8

Figure 1 When magnesium oxide (MgO) is formed, the reacting magnesium atoms lose two
electrons and the oxygen atoms gain two electrons
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lonic bonding

Another example of an ionic compound is calcium chloride. Each calcium atom
(2,8,8,2) needs to lose two electrons but each chlorine atom (2,8,7) needs to
gain only one electron. This means that two chlorine atoms react with every
one calcium atom to form calcium chloride. So the formula of calcium chloride
is CaCl,.

O

2,882

Figure 2 The formation of calcium chloride (CaCl,) ",

224 Didyou know ...?

Notice that the charges in the formula of an ionic compound cancel each other The structure of ionic lattices is
out as the overall charge on the compound is zero. So aluminium oxide, made investigated by passing X-rays
up of aluminium ions, AF¥*, and oxide ions, 0%, has the formula Al,O, (total . through them.

charges of 6+ on the aluminium ions cancelling out 6- on the oxide ions).

Summary questions

1 a Copy and complete the table:

Atomic Atom Electronic lon Electronic
number structure of atom structure of ion
9 F 28
3 21 Li*
16 S s>
20 2,882

2 Why do metal atoms form positively charged ions and non-metal atoms
form negatively charged ions?

3 Think of rules to follow to remember the charge on any ions formed by m

elements in:

a Groups 1,2,and 3 B |onic compounds are held
b Groups 5, 6, and 7. together Py strong forces.
of attraction between their
4 a Explain why potassium bromide is KBr but potassium oxide is K,O. oppositely charged ions. This
b Explain why magnesium oxide is MgO but magnesium chloride is is called ionic bonding.
MgCl,.

, ) B Besides the elements

5 Draw diagrams to show how you would expect the following elements to in Groups 1 and 7, other
form ions‘together: elements that can form ionic
a potassium and oxygen compounds include those

\ b aluminium and fluorine ) from Groups 2 and 6.
\_ _J

S D § GEE— ,




Learning objectives

After this topic, you should
know:

® how covalent bonds are
formed

= what types of substances
contain covalent bonds.

-

Hyd rogen
chloride HCI

Water H,0

O —atin

@
@
®
% i
& ()

Methane CH,

Figure 3 The principles of covalent

bonding remain the same however many

atoms are involved
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Structure and bonding

Covalent bonding

Reactions between metals and non-metals usually result in compounds with
ionic bonding. However, many more compounds are formed in a very different
way. When non-metals react together their atoms share pairs of electrons to
form molecules. This is called covalent bonding.

Figure 1 Most of the molecules in substances which make up Imng thmgs are held togeb‘rer
by covalent bonds between non-metal atoms

Simple molecules

The atoms of non-metals generally need to gain electrons to achieve stable
electron structures. When they react together neither atom can give away
electrons. So they get the electronic structure of a noble gas by sharing
electrons. The atoms in the molecules are then held together by the

shared pairs of electrons. These strong bonds between the atoms are called
covalent bonds.

A shared pair of
— electrons gives both
'\H H ) —- 6» atoms a stable
arrangement and forms
Hydrogen atoms Hydrogen molecule a covalent bond.
1
&
p " This is a double
fod covalent bond (two
0 —)- 0 X 0 pairs of electrons
§ % @ involved). Only the
E electrons in the highest
energy level (outer
nyge2n Ef:itoms Oxygen molecule shell) are shown here.

Figure 2 Atoms of hydrogen and oxygen join together to form stable molecules. The atoms
in H, and O, molecules are held together by strong covalent bonds.

Sometimes in covalent bonding each atom has the same number of electrons
to share. But this is not always the case. Sometimes the atoms of one element
will need several electrons, whilst those of the other element only needs one
more electron for each atom to get a stable electron structure. In this case,
more atoms become involved in forming the molecule, such as in water, H,0,
and methane, CH, (see Figure 3).
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Covaient bonding

You can represent the covalent bonds in substances such as water, ammonia
and methane in a number of ways. Each way represents the same thing. The
method you should choose depends on what you want to show.

a b c

it 0o 0
Water 7{%\ = o / \\

H,0 H o 0 (xH / H & 0 x H H H
h_)(eer} o0
_Be-

s = o0 N

Ammonia I/’H \f;( N woﬂ Py H X N © H e S
x| o *

lo W H | H H
NH, % o o
RO
S '
L H
Figure 4 You should represent a covalent compound by showing a the highest energy levels

(or outer shells), b the outer electrons in a dot and cross diagram, or ¢ the number of covalent
bonds. Double bonds are shown by two lines, for example, O=0 in an oxygen molecule

Giant covalent structures

Many substances containing covalent bonds consist of small molecules, for
example, H,O. However, some covalently-bonded substances are very
different. They have giant structures where huge numbers of atoms are held
together by a network of covalent bonds. These are sometimes referred to as
macromolecules.

Diamond has a giant covalent structure. In diamond, each carbon atom forms
four covalent bonds with its neighbours. This results in a rigid giant covalent
lattice.

Summary questions
1 Which of these compounds will contain covalent bonds? How did you

decide?

hydrogen iodide, iron(m) chloride, lithium oxide, sulfur dioxide,
nitrogen(mi) chloride, magnesium nitride

2 Draw diagrams, showing all the electrons, to represent the covalent
bonding between the following atoms:
a two hydrogen atoms
b two chlorine atoms
¢ a hydrogen atom and a fluorine atom

3 Draw dot and cross diagrams to show the covalent bonds when:
a a phosphorus atom bonds with three hydrogen atoms
b a carbon atom bonds with two oxygen atoms.

4 Which noble gas electron structures do the atoms in a molecule of
hydrogen chloride attain?

5 A covalent bond consists of a pair of electrons which occupy a space
mainly between the nuclei of the two atoms bonded together. Explain
how this pair of electrons bonds the atoms to each other. (Hint: think of
the electrostatic forces of attraction between oppositely charged

\ particles.) )

_———— ]\

N ™ ol \‘ | 9
Figure 5 Diamonds owe their hardness
to the way the carbon atoms are arranged
in a giant covalent structure

CDO links

For more information about
diamond, see 2.7 ‘Giant covalent
structures’.

® Covalent bonds are formed
when atoms of non-metals
share pairs of electrons with
each other.

B Each shared pair of electrons
is a covalent bond.

B Many substances containing
covalent bonds consist
of simple molecules, but
some have giant covalent

structures.
. w,
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Structure and bonding

Bonding in metals

Metal crystals

The atoms in metals are built up layer upon layer in a regular pattem
After this topic, you should (see Figure 1).
know:

® how the atoms in metals are
arranged

Learning objectives

® how the atoms in metals are
bonded to each other.

D links

For more information on protecting
iron from rusting, see Topic 5.5
‘Electroplating’.

Figure 1 The close-packed arrangement
of copper atoms in copper metal

This means that they form crystals, although these are not always obvious
to the naked eye. However, sometimes you can see them. You can see zinc
crystals on the surface of some steel that has been dipped into molten zinc
to prevent it from rusting. This is called galvanised steel. For example, look
at the surface of galvanised lamp posts and commercial wheelie bins

(see Figure 3).

Gm

rowing silver crystals

You can grow crystals of silver metal by F\ r
suspending a length of copper wire in _— Copper wire
silver nitrate solution. The crystals of |
silver will appear on the wire quite
quickly. However, for the best results
the experimental set-up needs to be left
for several hours.

B Explain your observations. s Boiling tube containing

Safety: Wear eye protection. silver nitrate solution

\J

Figure 2 Growing silver crystals

\_

Survey of metallic crystals

Take a look around your school or college to see if you can find any
Figure 3 Metal crystals, such as the zinc galvanised steel. See if you can spot the metal crystals. You can also look

ones shown on this galvanised lamp post, e : ;
give us evidence that metals are made up for crystals on brass fittings that have been left outside and not polished.

of atoms arranged in regular patterns

o
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Bonding in metals

Metallic bonding

Metals are another example of giant structures. You can think of a metal as a
lattice of positively charged ions. The metal ions are arranged in regular layers,
one on top of another.

The outer electrons from each metal atom can easily move throughout the
giant structure. The outer electrons (in the highest occupied energy level) form
a ‘sea’ of free-moving electrons surrounding the positively charged metal ions.
Strong electrostatic attraction between the negatively charged electrons and
positively charged ions bonds the metal ions to each other.

The electrons in the ‘sea’ of free-moving electrons are called delocalised
electrons. They are no longer linked with any particular metal ion in the giant
metallic structure. These delocalised electrons help us explain the properties
of metals. (See 2.8 ‘Giant metallic structures’.)

Metal's outer electron

(S T T O O R
f+.|’+.|:+.|’+.
; N ST e T e 7 e 7 Figure 4 A metal consists of positively () ) links
LR W ?har?ed metal ions surrounded by a For more information about the
k 3 3 sea’ of delocalised electrons. This :
diagram shows us a model of metallic properties of metals, see 2.8
The ‘sea’ of delocalised electrons bonding. ‘Giant metallic structures’.
Summary questions -
— ro——
1 What can you deduce about the arrangement of the particles in a metal
from the fact that metals form crystals? B The atoms in metals are

closely packed together and

2 a Why are the particles that make up a metal described as positively .
arranged in regular layers.

charged ions?
b What are delocalised electrons? B You can think of metallic

3 Use the theory of metallic bonding to explain the bonding in magnesium bonding as positively

metal. Make sure you mention delocalised electrons. (The atomic charged metal ions which are
number of magnesium is 12.) held together by electrons
from the outermost shell

4 Using a model to explain metallic bonding, delocalised electrons could of each metal atom. These
be thought of as a ‘glue’. delocalised electrons are free
Explain why thinking of delocalised electrons in a metal as a glue is a to move throughout the giant
\ useful model but one which has a major drawback. ) metallic lattice.
\. >,
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Learning objectives

After this topic, you should

know:

= why ionic compounds have
high melting points

= why ionic compounds
conduct electricity when they
are melted or dissolved in
water.

J

CO links

For more information on the
movement and arrangement of
particles in solids and liquids, look
back to 1.1 ‘States of matter’.

‘ Remember that every ionic l

compound has a giant
structure. The oppositely
charged ions in these structures
are held together by strong
electrostatic forces of attraction.

%These act in all directions. .,yé
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Structure and bonding

Giant ionic structures

In Topic 2.2 lonic bonding, you have already seen that an ionic compound consists
of a giant structure of ions arranged in a lattice. The attractive electrostatic forces
between the oppositely charged ions act in all directions and are very strong. This
holds the ions in the |attice together very tightly. Look at Figure 1.

Strong electrostatic
forces of attraction
called ionic bonds

Figure 1 The attractive forces between the oppositely charged ions in an ionic compound are
very strong. The regular arrangement of ions in the giant lattice enables ionic compounds to
form crystals.

It takes a lot of energy to break up a giant ionic lattice. There are lots of strong
ionic bonds to break. To separate the ions you have to overcome all those
electrostatic forces of attraction acting in all directions. This means that ionic
compounds have high melting points and boiling points.

Once you have supplied enough energy to separate the ions from the lattice,
they are free to move around. That is when the ionic solid melts and becomes
a liquid. The ions are free to move anywhere in this liquid. They are attracted to
oppositely charged electrodes dipping in the molten compound. Therefore,
they can carry their electrical charge through the liquid (see Figure 2). A solid
ionic compound cannot conduct electricity because its ions are held in fixed
positions in the lattice. They cannot move around. They can only vibrate ‘on the
spot’ when in the solid state.

P Bulb lights as current flows

Moving ions carry the electrical
charge through the molten
potassium chioride

® og™
@@ (ﬂ)

XK

\ Molten potassium chloride

Figure 2 Because the ions are free to move, a molten ionic compound can conduct electricity

-
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Giant ionic structures

Many ionic compounds will dissolve in water. When you dissolve an ionic
compound in water, the lattice is split up by the water molecules. Then the ions
are free to move around in the solution formed. They can carry their charge to Testing conductivity

oppositely charged electrodes in the solution. Just as molten ionic compounds
will conduct electricity, solutions of ionic compounds will also conduct
electricity. The ions are able to move to an oppositely charged electrode
dipped in the solution.

Using a circuit as shown in
Figure 2, dip a pair of
electrodes into a 1 cm depth of
sodium chloride crystals. What
Solid happens?

Now slowly add water.
B \What happens to the bulb?

lons vibrate, but are
fixed in position

Repeat the experiment using
potassium chloride.

\I Explain your observations. )

Dissolve
in water

lons free to move in lons free to
molten compound move in solution

Figure 3 lonic compounds da not conduct electricity in the solid state but do when molten or
when dissolved in water

lonic solid Molten ionic compound lonic compound in solution
lons are fixed in a High temperature provides Water molecules separate
giant lattice. They enough energy to overcome | ions from the lattice. lons are
vibrate but cannot the many strong attractive free to move around within
move around forces between ions. lons the solution
— it does not conduct | are free to move around - it does conduct electricity.
electricity. within the molten compound

- it does conduct electricity. Key pOil’ItS
Summary questions ® It takes a lot of energy to
break the many strong ionic
1 Explain why ionic compounds have high melting points. y 9

bonds that hold a giant
2 Explain why ionic compounds conduct electricity only when they are ionic lattice together. So,
molten or dissolved in water. ionic compounds have high

melting points. They are all
solids at room temperature.

3 Why is seawater a better conductor of electricity than water from a
freshwater lake?

4 Which of these ions will move to the positive electrode and which will ® lonic compounds will

move to the negative electrode in a circuit as shown in Figure 2? conduct electricity when they
are melted or dissolved in

water. That is because their
ions can then move freely
5 Predict which of these two ionic compounds has the higher melting point around and can carry charge

\ - sodium oxide or aluminium oxide. Explain your reasoning. J through the liquid.
N J

D § GHE— ,

lithium ions, chloride ions, bromide ions, calcium ions, sodium ions,
zinc ions, oxide ions, iodide ions, barium ions




Learning objectives

After this topic, you should
know:

u why substances made of
simple molecules have low
melting points and boiling
points

u why these substances do not

conduct electricity.

>
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Structure and bonding

Simple molecules

Many substances made up of simple covalently-bonded molecules have low
melting points and boiling points. Look at the graph in Figure 1.

This means that many substances made up of simple molecules are liquids or
gases at room temperature. Others are solids with quite low melting points,
such as iodine (I,) and sulfur (S,).

S0, HCI NH,

temperature / °C
}
[=}]
=

-100+

—120

I Melting point M Boiling point

Figure 1 Substances made of simple molecules usually have low melting points and boiling
points

Intermolecular forces

Covalent bonds are very strong so the atoms within each molecule are held
very tightly together. However, each molecule tends to be quite separate from
its neighbouring molecules. The force of attraction between the individual
molecules in a covalent substance is relatively small. Scientists say that there
are weak intermolecular forces between molecules. Overcoming these forces
does not take much energy.

Look at the molecules in a sample of chlorine gas (Figure 2).

7
")
@@D \ Weak forces between
molecules

Figure 2 Covalent bonds and the weak forces between molecules in chlorine gas. It is the
weak intermolecular forces that are overcome when substances made of simple molecules
meit or boil. The cavalent bonds are not broken.
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You have seen that ionic compounds will conduct electricity when they are
liquids. But although a substance that is made up of simple molecules may
a liquid at room temperature, it will not conduct electricity. Look at the
demonstration below.

/Bulb does not light
as no current flows

Ethanol (C,H,0H) liquid

Uncharged molecules do
not carry charge between
the electrodes

Figure 3 Compounds made of simple molecules do not conduct electricity

\Safety: Ethanol is highly flammable so no naked flames.

be

.

There is no overall charge on the simple molecules in a compound like ethanol.

So their neutral molecules cannot carry electrical charge. This makes
it impossible for substances made up of simple molecules to conduct
electricity.

2 Which of the following substances will be held together by weak
intermolecular forces?
a aluminium oxide, aluminium, oxygen
magnesium chloride, magnesium, chlorine
hydrogen sulfide, hydrogen, sulfur

b
c
3 a Diamond has a very high melting point. Explain why.
b Nitrogen gas has a very strong triple covalent bond holding the

point of =196°C.

4 A compound called sulfur hexafluoride (SF,) is used to stop sparks
forming inside electrical switches designed to control large currents.
Explain why the properties of this compound make it particularly useful
in electrical switches.

5 Explain why the melting point of hydrogen chloride is -115°C but the
\ melting point of sodium chloride is 801 °C.

nitrogen atoms together in diatomic molecules (N,). Explain its boiling

Summary questions
1 Describe what is meant by the term ‘intermolecular forces’?

o

Simple molecules

Although the covalent bonds in
molecules are strong, the
forces between molecules are

Conductivity

B What happens?

CD links

For information on ionic
compounds conducting electricity,
look back at 2.5 ‘Giant ionic
structures’.

Key points

B Substances made up of
simple molecules have low
melting points and boiling
points.

B The forces between simple
molecules are weak. These
weak intermolecular forces
explain why substances
made of simple molecules
have low melting points and
boiling points.

B Simple molecules have
no overall charge, so they
cannot carry electrical
charge. Therefore,
substances made of simple
molecules do not conduct
electricity.

S § GHE— .



Learning objectives

After this topic, you should
know:
® the general properties
of substances with giant
covalent structures

® why diamond is hard and
graphite is slippery

B why graphite can conduct
electricity

B what fullerenes are made of
and some of their uses.

Figure 2 Hard, shiny, and transparent -
diamonds make beautiful jewellery

Giant covalent structures are
held together by covalent
bonds throughout the lattice.

Graphite

Figure 3 The giant structure of graphite.
There are strong covalent bonds within
its layers but only weak intermolecular
forces between the layers.
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Structure and bonding

Giant covalent structures

Most covalently-bonded substances are made up of individual molecules.
However, a few form very different structures. These do not have relatively
small numbers of atoms arranged in simple molecules. They form huge
networks of atoms held together by covalent bonds in giant covalent
structures. They are sometimes called macromolecules.

Substances such as diamond, graphite, and silicon dioxide (silica) have giant
covalent structures.

Diamond

silicon dioxide (Si0,)

Figure 1 The structures of diamond and silicon dioxide (silica) continue on in all directions

All the atoms in these giant lattices are held in position by strong covalent
bonds, as in diamond and silicon dioxide shown above. This gives them some
very special properties. They have very high melting points and boiling points
and are insoluble in water. Apart from graphite, they are hard and do not
conduct electricity. Diamond is exceptionally hard and boils at 4827 °C. All its
carbon atoms each form four strong covalent bonds, arranged in a perfectly
symmetrical giant lattice.

Carbon isn’t only found in the form of diamonds. Another form is graphite (well
known for its use in pencil ‘lead’). In graphite, carbon atoms are only bonded to
three other carbon atoms. They form hexagons which are arranged in giant
layers. There are no covalent bonds between the layers, only weak
intermolecular forces. So the layers can slide over each other easily. It is a bit
like playing cards sliding off a pack of cards. This makes graphite a soft
material that feels slippery.

Did you know ... ?

Diamond is the hardest known natural substance. Artificial diamonds can be
made by heating pure carbon to very high temperatures under enormous
pressures. ‘Industrial diamonds’ made like this are embedded in the drill bits

. used by oil companies when drilling for oil.

-
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Bonding in graphite

The carbon atoms in graphite’s layers are arranged in hexagons so each
carbon atom forms three strong covalent bonds (see Figure 3). Carbon atoms
have four electrons in their outer shell available for bonding. This leaves one
spare outer electron on each carbon atom.

This electron is free to move along the layers of carbon atoms. The free
electrons found in graphite are called delocalised electrons. They behave
rather like the electrons in a metallic structure.

These free electrons allow graphite to conduct electricity and heat along its
layers of carbon atoms. Diamond — and most other covalently-bonded
substances — cannot conduct electricity. This is because their atoms have no
free electrons as all the outer shell electrons are involved in covalent bonding.

Fullerenes

Apart from diamond and graphite, there are other structures that carbon atoms
can form. In these structures the carbon atoms join together to make large
cages which can have all sorts of shapes. Chemists have made shapes looking
like balls, onions, tubes, doughnuts, corkscrews, and cones! They are based
on hexagonal rings of carbon atoms.

Chemists discovered carbon’s ability to behave like this in 1985. The large
carbon molecules containing these cage-like structures are called fullerenes.
Scientists can now place other
molecules inside these carbon cages.
This has exciting possibilities, including
the delivery of drugs to specific parts
of the body. They are sure to become
very important in nanoscience
applications, for example, as catalysts
and lubricants.

Figure 4 The first fullerene to be discovered
contained 60 carbon atoms, but chemists can
now make giant fullerenes which contain many
thousands of carbon atoms

Summary questions
1 a Name three forms of the element carbon.

b Find out what chemists call different forms of the same element in the
same state.

2 List the general properties of a substance with a typical giant covalent
structure.

3 a State a possible medical application of fullerene cages.
b Find out why chemists called a molecule of the new form of carbon
discovered in 1985 a ‘buckyball’, and why related molecules became
known as fullerenes.

4 Graphite is sometimes used to reduce the friction between two surfaces
that are rubbing together. Explain how it does this.

\5 Explain in detail why graphite can conduct electricity but diamond cannot.)

Giant covalent structures

2 links

For information about delocalised
electrons, look at 2.4 ‘Bonding in
metals’.

CD links

For more information on
nanoscience, see 2.9
‘Nanoscience’.

Key points

B Some covalently-bonded
substances have giant
structures. These substances
have very high melting points
and boiling points.

B Graphite contains giant
layers of covalently-bonded
carbon atoms. However,
there are no covalent bonds
between the layers, just weak
intermolecular forces. This
means they can slide over
each other, making graphite
soft and slippery. The carbon
atoms in diamond have a
rigid giant covalent structure,
making it a very hard
substance.

® Graphite can conduct
electricity and heat because
of the delocalised electrons
along its layers.

® As well as diamond and
graphite, carbon also exists
as fullerenes which can form
large cage-like structures
and tubes, based on
hexagonal rings of carbon

atoms.
. A
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Learning objectives

After this topic, you should
know:

B why metals can be bent and
shaped without breaking

= why alloys are harder than
pure metals

B why metals conduct
electricity and heat

B what ‘shape memory alloys’
are.

P"Pl g
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Figure 1 Drawing copper out into wires

depends on being able to make the layers
of metal atoms slide easily over each
other, without breaking the metal

Alloy

Figure 2 The atoms in pure iron are
arranged in layers which can easily slide
over each other. In alloys the layers
cannot slide so easily because atoms of
other elements distort the layers.
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Structure and bonding

Giant metallic structures

Metals can be hammered and bent into different shapes, and drawn out into
wires. This is because the layers of atoms in a pure metal are able to slide
easily over each other.

The atoms in a pure metal, such as iron, are held together in a giant metallic
structure. The atoms are arranged in closely-packed layers. This regular
arrangement allows the atoms to slide over one another quite easily. This is
why pure iron is relatively soft and easily bent and shaped.

Alloys are usually mixtures of two or more elements, at least one of which is a
metal. However, most steels contain iron with controlled amounts of carbon, a
non-metal, mixed in its structure. The carbon atoms are a different size to the
iron atoms. This makes it more difficult for the layers in the metal’s giant
structure to slide over each other. So, alloys are harder than the pure metals
used to make them. This is shown in Figure 2.

“

Making models of metals

Tube connected
togas tap

Fine-pointed tube

Plastic container with soap solution

A regular arrangement of bubble

Figure 3 Making a bubbie raft to model the 2 oms

structure of a metal

You can make a model of the structure
of a metal by blowing small bubbles
of gas on the surface of soap solution
to represent atoms.

® Why are models useful in science?

A larger bubble ‘atom’ disrupts the
\ regular arrangement around it )

B Metal cooking utensils are used all over the world, because metals are good
conductors of heat.

B Wherever electricity is generated, it passes through metal wires (usually
made of copper) to get to where it is needed because metals are also good
conductors of electricity.
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Giant metallic structures

Explaining the properties of metals

The positive ions in a metal’s giant structure are held together by a sea of
delocalised electrons. These electrons are a bit like ‘glue’. Their negative
charge between the positively charged ions holds the metal ions in position.

However, unlike glue, the electrons are able to move throughout the whole
giant lattice. Because they can move around and hold the metal ions together
at the same time, the delocalised electrons enable the lattice to distort. When
struck, the metal atoms can slip past one another without breaking up the
metal’s structure.

Metals are good conductors of heat and electricity because the delocalised
electrons can readily flow through the giant metallic lattice. The heat energy
and electrical current are transferred quickly through the metal by the free-
moving electrons.

I & A

. Figure 4 Metals are essential in our lives
O links o o — the delocalised electrons mean that they
For more about the bonding in metals, look back at 2.4 ‘Bonding in metals’. are good conductors of both heat and
electricity

Shape memory alloys

Some alloys have a very special property. Like all metals they can be bent

(or deformed) into different shapes. The difference comes when you heat them
up and they return to their original shape automatically. These metals are
called shape memory alloys, which describes the way they behave. They
seem to ‘remember’ their original shape!

Shape memory alloys are used in many ways, for example, in health-care.

Doctors treating a badly broken bone can use alloys to hold the bones in place
whilst they heal. They cool the alloy before it is wrapped around the broken Figure 5 This dental brace pulls the teeth
bone. When it heats up again the alloy goes back to its original shape. This into the right position as it warms up. It is

; : made of a shape memory alloy called
pulls the bones together and holds them in place whilst they heal. nitinol. It is aniﬁo}, of ngke, a{?d Hitanium:

Dentists can also make braces to pull teeth into the right position using this .
technique (see Figure 5). Key points

B Metals can be bent and
shaped because the layers of
atoms (or positively charged
ions) in a giant metallic

) - structure can slide over each
ummary questions AIRBE
1 a Why can metals be bent, shaped and pulled out into wires when g

Alloys are harder than pure

forces are applied? metals because the regular
b Find out the word used to describe a material, such as a metal, that layers in a pure metal are
can be: distorted by differently-sized
i hammered into shapes ii drawn out into a wire. atoms in an alloy.
2 a Use your knowledge of metal structures to explain why alloying a ® Delocalised electrons in
metal can make the metal harder. metals enable electricity and
b What is a shape memory alloy? heat to pass through a metal
3 Explain how a dental brace made out of nitinol is more effective than a easily.

brace made out of a traditional alloy. ® If a shape memory alloy is

4 Explain why metals are good conductors of heat and electricity in terms deformed, it can return to its

\ of their structure and bonding. ) original shape on heating.
N J
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Learning objectives

After this topic, you should
know:

® what nanoscience is

B some possible uses and
potential benefits and risks

associated with nanoscience.
J

Did you know ... ?

I?.

A pin-head measures about
1 million nanometres, and a
human hair is about 80000 nm
L wide.

Figure 1 Nanoparticles will save many
people from damaged skin and cancers
caused by too much UV light

Figure 2 Nanoparticles in cosmetic
products can work deeper in the skin
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Structure and bonding

Nanoscience

Nanoscience is a hew and exciting area of science. ‘Nano’ is a prefix like ‘milli’
or ‘mega’. Whilst ‘milli’ means ‘one-thousandth’, ‘nano’ means ‘one thousand-
millionth’.

1 nanometre (1nm) = 1 x 10~° metres
(= 0.000000001 m or a billionth of a metre)

So nanoscience is the science of really tiny things. It deals with structures
that are just a few hundred atoms in size or even smaller (between 1 and
100 nm in size).

Scientists have discovered that materials behave very differently at a very tiny
scale. Nanoparticles are so tiny that they have a huge surface area for a small
volume of material. When atoms and molecules are arranged on a nanoscale,
their properties can be truly remarkable.

Nanoscience at work

Here are some uses of nanoscience.

B Glass can be coated with titanium oxide nanoparticles. Sunshine triggers a
chemical reaction which breaks down dirt that lands on the window. When it
rains the water spreads evenly over the surface of the glass, washing off the
broken down dirt.

® Titanium oxide and zinc oxide nanoparticles are also used in modern sun-
screens. Scientists can coat nanoparticles of the metal oxide with a coating
of silica. The thickness of the silica coating can be adjusted at an atomic
level. These coated nanoparticles seem more effective at blocking the Sun’s
rays than conventional UV absorbers.

B The cosmetics industry is one of the biggest users of this new technology.
The nanoparticles in face creams are absorbed deeper into the skin. They
are also used in sun-tan creams and deodorants.

The delivery of active ingredients in cosmetics can also be applied to
medicines. The latest techniques being developed use nanocages of gold to
deliver drugs where they need to go in the body. Researchers have found that
the tiny gold particles can be injected and absorbed by tumours. Tumours
have thin, leaky blood vessels with holes large enough for the gold
nanoparticles to pass into. However, they cannot get into healthy blood
vessels. When a laser is directed at the tumour the gold nanoparticles absorb
energy and warm up. The temperature of the tumour increases enough to
change the properties of its proteins but barely warms the surrounding tissue.
This destroys the tumour cells without damaging healthy cells.

There is potential to use the gold nanocages to carry cancer-fighting drugs to
the tumour at the same time. The carbon nanocages (called fullerenes) that
you met in Topic 2.7 can also be used to deliver drugs in the body. Incredibly
strong, yet light, fullerene nanotubes are already being used to reinforce
materials (see Figure 3). The new materials are finding uses in sport, such as
making very strong but light tennis racquets.

Silver nanoparticles are antibacterial. They are used inside fridges to inhibit the
growth of microorganisms. The silver particles also act against viruses and
fungi. They are put in the sprays used to clean operating theatres in hospitals.

-
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Future developments?

Nanotubes are now being developed that can be used as nanowires. This will
make it possible to construct incredibly small electronic circuits. Nanotubes
can be used to make highly sensitive selective sensors. For example, nanotube
sensors have been made that can detect tiny traces of a gas present in the
breath of asthmatics before an attack. This will let patients monitor and treat
their own condition without having to visit hospital to use expensive machines.

Nanowires would also help to make computers with vastly improved memory
capacities and speeds.

Scientists in the US Army are developing nanotech suits - thin, or even spray-
on, uniforms which are flexible and tough enough to withstand bullets and
blasts. The uniforms would receive aerial views of the battlefield from satellites,
transmitted directly to the soldier’'s brain. There would also be a built-in air
conditioning system to keep the body temperature normal. Inside the suit there
would be a full range of nanobiosensors that could send medical data back to
a medical team.

Possible risks

The large surface area of nanoparticles would make them very effective as
catalysts. However, their large surface area also makes them dangerous. If a
spark is made by accident, they may cause a violent explosion.

If nanoparticles are used more and more there is also going to be more risk of
them finding their way into the air around us. Breathing in tiny particles could
damage the lungs. Nanoparticles could enter the bloodstream this way, or from : '
their use in cosmetics, with unpredictable effects. More research needs to be Flgure 3 Nanacages flop) can camy

J P : drugs inside them and nanotubes (below)
done to find out their effects on health and the environment. can reinforce materials

Key points
Summary questions B Nanoscience is the study
1 What is meant by ‘nanoscience'? of small particles that

; : , are between 1 and 100
2 Give two uses of silver nanoparticles. Ranoiietas InElre.

3 a Give an advantage of using nanoparticles as catalysts.
b Why are some people concerned about the use of nanoparticles as
catalysts?

B Nanoparticles behave
differently from the materials
they are made from on a

4 a Give two uses of nanoscience in cosmetic products for the skin. large scale.

b How can nanoscience possibly help to fight cancers?

B New developments in

5 In his book Engines of Creation, K. Eric Drexler speculates that one day nanoscience are very
humans may invent a nanomachine that can reproduce itself. Then the exciting but will need more
world could be overrun by so-called ‘grey goo’. Some people are so research into possible issues
worried that they have called for a halt in nanoscience research. What that might arise from their
\ are your views? ) increased use.
\. 2,
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Chapter summary questions

1 Copy each sentence and write a number to fill in the 3 a Which of the following substances will have covalent

blanks in ato e: bonding?
a The elementsin Group ............ in the periodic table all hydrogen iodide

form ions with a charge of 1+. chlorine(vir) oxide
b The elements in Group ........... in the periodic table all silver chloride .

form ions with a charge of 2+. phosphorus (v) fluoride

) ) o calcium bromide

¢ The elementsin Group ........._.. in the periodic table all silhiat rliraia

form ions with a charge of 1-.

b Explain how you decided on your answers in part a.
d The elements in Group ............ in the periodic table all

form ions with a charge of 2—. ¢ What type of bonding will the remaining substances in
the list have?

e The elements in Group 4 in the periodic table have
d What is the formula of:

atoms which can form ... covalent bonds. . o
i hydrogen iodide?
2 This table contains data about some different substances: i calcium bromide?
Substance Melting Boiling Electrical 4 Copy and complete the following table with the formula of
point (°C) | point (°C) | conductor each ionic compound formed.
ammonia _78 _33 solid — poor (The first one is done for you.)
liquid — poor chloride, | oxide, | sulfate, | phosphate(v),
2 2 3
magnesium oxide 2852 3600 solid — poor <iF 2 S0 PO,
- potassium, KCl
liguid — good K
lithium chloride 605 1340 solid — poor P
magnesium,
liquid — good Mg*
silicon dioxide 1610 2230 solid — poor iron(mi),
_— Fe®
liguid — poor
HyRirRgen:ramids =3 e Pl ~paar 5 Draw a diagram which shows the bonding in:
liquid— poor a hydrogen, H,
graphite 3652 4827 solid — good b carbon dioxide, CO,.
liguid — good

a Make a table with the following headings:
Giant covalent, Giant ionic, Simple molecules

Now write the name of each substance from the table
above in the correct column.

b Which substances are gases at 25°C?

¢ One of these substances behaves in a surprising way.
Which one and why?

d Draw a diagram to show the electron structures of a
lithium atom and a chlorine atom and their ions in
lithium chloride. (Atomic number of Li =3, Cl = 17)
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Practice questions

1 Lithium and oxygen combine to form lithium oxide, an

ionic compound.

The diagrams show the electronic structures of a lithium
atom and an oxygen atom.

a Describe, in terms of electrons, what happens when a
lithium atom combines with an oxygen atom. (3)

b The electronic structures of lithium and oxygen can be
shown as follows:

Li 2,1 O 26

Write the charge of each of the ions formed in lithium
oxide. 2)

¢ Explain why lithium oxide has a high melting point. (2)

d Explain why lithium oxide does not conduct electricity
when solid but does when molten. 2)

Hydrogen and fluorine atoms combine to form the
compound hydrogen fluoride.

The diagrams show the electronic structures of a
hydrogen atom and a fluorine atom.

a Draw a diagram to show how the electrons are
arranged in a hydrogen fluoride molecule. 2)

b What is the name of the bond in a hydrogen fluoride
molecule? (1)

¢ The bond in a hydrogen fluoride molecule is strong.

Explain why hydrogen fluoride is a gas at room
temperature. 2)

d Hydrogen bromide has the same type of bonding as
hydrogen fluoride.

A bond in a molecule can be represented by a straight
line.

Show the hydrogen bromide molecule in this way. (1)

3 Silicon dioxide has a giant structure.

a Explain why silicon dioxide has a very high melting

point. (3)
b Explain why molten silicon dioxide does not conduct
electricity. (2)

4 Fullerenes and nanoscience may become more important

in the future.

a One type of fullerene exists as molecules containing
sixty atoms.

State the element in this molecule and how the atoms
are arranged. (2)

b Suggest one use of fullerenes in medicine. (1)
¢ What is the size of a structure called a nanoparticle? (1)

d Suggest a property of nanoparticles that makes them
suitable as catalysts. (1)

5 Copper is a useful metal.

a The diagram represents the structure of copper.
e Y& Y& Y4

i Use this diagram to explain why copper can be

easily shaped. (2)
ii Explain why copper is a good conductor of
electricity. (2)

b Pure copper is very soft and is made harder by adding
other metals.

i What name is used for a mixture of metals? (1)
ii Explain how the other metals make copper
harder. (2)




Learning objectives

After this topic, you should
know:

B how atomic structure is
linked to the periodic table

= why the noble gases are so
unreactive.

J

Did you know ... ?

The alkali metal caesium reacts
explosively with cold water, and
will even react with ice at

. temperatures above —116°C.

(Mendeleev’s predictions\

When Mendeleev published his
periodic table in 1869, not all
scientists were convinced that
he had it right. However,
Mendeleev’s brilliant idea was
to leave gaps in his table for
elements that had not yet been
discovered. Then he used his
table to predict what their
properties should be, based on
elements in the same group.

A few years later, new elements
were discovered with properties
that closely matched
Mendeleev's predictions. Then
there were few doubts that his
table was a great breakthrough
in scientific understanding.

Did you know ... ?

s

Radon is a radioactive noble gas,
produced in some rocks by the
nuclear decay of radium. In some
areas it is monitored as a health
hazard as it can be released from
the rocks and collect in the lower

' parts of buildings.

GROUPS. »
e periodic table

Chapter 3

The periodic table

The periodic table was first developed by a Russian chemist called Dmitri
Mendeleev and published in 1869. He put elements in order of their atomic
masses and started new rows to produce groups of similar elements. The word
‘periodic’ means repeated at regular intervals.

However, not all elements fit in with the pattern. For example, argon atoms
have a greater average mass than potassium atoms. Ordering by atomic mass
would result in argon (a noble gas) being in the same group as reactive metals
such as sodium and lithium, and would group potassium (an extremely reactive
metal) with the unreactive noble gases. So argon must be put before
potassium in the periodic table to maintain the periodic pattem, even though
the average mass of its atoms is heavier than that of potassium’s atoms. Look
at Figure 1 to check this out.

At the start of the 20" century scientists began to find out more about the
structure of the atom. Only then could they solve this problem of certain
elements breaking the periodic pattern. The elements are now arranged in
order of their atomic (proton) number. This puts them all in exactly the right
place in the periodic table. It arranges the elements so that they line up in
groups (vertical columns) with similar properties.

Electronic structures and the periodic table

The periodic table also gives you an important summary of the electronic
structures of all the elements. Elements in the same group of the periodic table
react in similar ways because their atoms have the same number of electrons
in the highest occupied energy level (outer shell). You saw in Topic 2.2 Jonic
bonding, and Topic 2.3 Covalent bonding, how it is these outer electrons that
are transferred (in ionic bonding) or shared (in covalent bonding) when atoms
combine with each other.

In Chapter 2, you learnt that the group number in the periodic table tells you
the number of electrons in the outermost shell (highest occupied energy
level) of an atom.

For example, all the atoms of Group 2 elements have 2 electrons in their
outermost shell (highest energy level) and those in Group 6 have 6 electrons in
their outermost shell.

You also saw in Chapter 2 how atoms transfer or share electrons when
bonding in order to attain the stable electronic structures of the noble gases.
Look at the Group 0 noble gases, shaded purple in Figure 1. You can see how
atoms of elements in Group 6 and 7 can gain electrons to form negative ions.
These then have the electronic structure of the noble gas at the end of their row
(called a period). Elements in Groups 1, 2, or 3 lose electrons and their positive
ions attain the electronic structure of the noble gas at the end of the period one
row above them.

The atoms of noble gases have eight electrons in their outermost shell, making
the atoms very stable. The exception is the first of the noble gases, helium,
which has just two electrons, but this complete first shell is also a very stable
electronic structure.

-
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The stable electronic structures of the noble gases explains why they exist as
single atoms. They are monatomic gases. They have no tendency to react to
form molecules. However, chemists have managed to make a few compounds
of the larger noble gases. These contain the most reactive non-metallic
elements, fluorine and oxygen, for instance in the compounds XeF, and XeO,.

0
Group numbers Relative atomic mass |1 4 L
H
/ - Atomic (proton) number |1 3 : d J i 3
7 9 11 12 14 16 19 20
Li Be B C N 0 F Ne
3 4 5 6 7 8 9 10
23 24 27 28 AN 32 355 40
Na Mg Al Si P S cl Ar
11 12 13 14 15 16 17 18
39 40 45 48 51 52 55 56 59 59 63.5 65 70 73 7 79 80 84
K Ca Sc Ti ) Cr Mn Fe Co Ni Gu In Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 27 28 29 30 K} 32 33 34 35 36
85 88 89 91 93 96 98 101 103 106 108 112 115 119 122 128 127 131
Rb Sr Y Ir Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
37 38 39 40 4 42 43 44 45 46 4 48 49 50 51 52 53 54
133 137 139 178 181 184 186 190 192 195 197 201 204 207 209 209 210 222
Cs Ba La Hf Ta 1} Re 0s Ir Pt Au Hg Tl Pb Bi Po At Rn
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
223 226 227
Fr Ra Ac
87 88 89 Elements 58-71 and 90-103 (all metals) have been omitted
Key
Reactive metals These metals Non-metals These elements have low :
react vigorously with other elements melting and boiling points, and many are Metals react by losing
like oxygen or chlorine, and with water. liquids or gases at room temperature and electrons. Non-metals react
They are all soft — some of them can pressure. : it
even be cut with a knife, like cheese! with metals by, galning
. electrons.
Transition elements This group Noble gases These {non-metal)
contains the elements that most people , elements are very unreactive, and it is
probably think of when the word ‘metal’ very difficult to get them to combine with
is mentioned, like iron, copper, silver, and other elements.

gold. These metals are not usually very
reactive — some, like silver and gold, are

very unreactive. K int
Figure 1 The modern periodic table. The upper number on the left of a symbol is the €y points

element's relative atomic mass. The lower number is its atomic number (or proton number) — -
the number of protons in the nucleus. The elements are arranged in order of atomic number. ® The atomic (proton) number

of an element determines its
Summary questions position in the periodic table.

® The number of electrons in
the outermost shell (highest
energy level) of an atom

determines its chemical
2 In the periodic table, how does the number of metallic elements compare properties.

with the number of non-metal elements?

1 a What does ‘periodic’ mean in the term ‘periodic table’?
b In the periodic table, what is:
i agroup? ii a period?

® The group number in the
periodic table equals the
number of electrons in the

3 Explain why elements in many groups of the periodic table have similar
chemical properties.

4 How many electrons do atoms of the following elements have in their outermost shell.
highest energy level (outermost shell)? ® The noble gases in Group 0
a beryllium, Be b boron, B ¢ potassium, K d helium, He T e )
e argon, Ar f radium, Ra g radon, Rn h iodine, I their very stable electron
\5 Why are the noble gases so unreactive? ) arrangements.
N J
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Group 1 - the alkali metals

The first group (Group 1) on the left-hand side of the periodic table is called the
alkali metals. This group consists of the metals lithium (Li), sodium (Na),
potassium (K), rubidium (Rb), caesium (Cs), and francium (Fr) (Figure 1). You
will probably only see the first three of these as the others are too reactive to
use in schools.

Learning objectives

After this topic, you should
know:

® how the Group 1 elements

behave i 2
Properties of the alkali metals

= how the properties of the
Group 1 elements change
going down the group.

All the alkali metals are very reactive. They have to be stored in il (see
Figure 2). This stops them reacting with oxygen in the air. Their reactivity
) increases as you go down the group. So lithium is the least reactive alkali
metal and francium is the most reactive.

i ’ All the alkali metals have a very low density compared with other metals. In fact
Li lithium, sodium, and potassium all float on water. The alkali metals are also all
£ very soft. They can be cut with a knife. They have a silvery, shiny surface when
23 ) : ) :
you first cut them. However, this quickly goes dull as the metal reacts with
o Na oxygen in the air. This forms a layer of oxide on the shiny surface.
38 The properties of this unusual group of metals result from their electronic
K structure. The atoms of alkali metals all have one electron in their outermost
19 shell (highest energy level). This gives them similar properties. It also makes
I them very reactive. This is because they need to lose just one electron to get a
b Rb stable (noble gas) electronic structure.
133 They react with non-metals, losing their single outer electron. They form a
Cs metal ion carrying a 1+ charge, for example, Na* and K*. They always form
55 ionic compounds.
223
Fr Melting points and boiling points
187
Figure 1 The alkali metals (Group 1) The Group 1 metals melt and boil at relatively low temperatures for metals.

Going down the group, the melting points and boiling points get lower and
lower. In fact, caesium turns into a liquid at just 29 °C.

Reaction with water

When you add lithium, sodium, or potassium to water the metal floats on the
water, moving around and fizzing. The fizzing happens because the metal
reacts with the water to form hydrogen gas. Potassium reacts so vigorously
with the water that the hydrogen produced catches fire. It burns with a lilac
flame.

The reaction between an alkali metal and water also produces a metal
hydroxide, which explains the name ‘alkali metals’.

The hydroxides of the alkali metals are all soluble in water. The solution is
colourless with a high pH. (Universal indicator tums purple.)

sodium + water — sodium hydroxide + hydrogen
2Na(s) + 2H,0() — 2NaOH(aq) +  Hyg)

= 5

igure B - potassium + water — potassium hydroxide + hydrogen
stored in oil because they are so reactive 2K(s) + 2H,0() - 2KOH(aq) + HyJ9)

-



RM.DL.BOOKS GROUPS

Demonstration

Reactions of alkali metals with water

The reaction of the alkali metals with
water can be demonstrated by
dropping a small piece of the metal
into a trough of water. This must be
done with great care. The reactions
are vigorous, releasing a lot of
energy. Hydrogen gas is also given
off.
B Describe your observations in
detail.

Very small piece
of alkali metal

Safety: Wear your safety goggles

Other reactions

The alkali metals also react vigorously with non-metals such as chlorine gas.
They produce metal chlorides, which are white solids. Their chlorides all
dissolve readily in water to form colourless solutions.

The reactions get more and more vigorous as you go down the group. This is
because it becomes easier to lose the single electron in the outer shell to form
ions with a 1+ charge.

sodium + chlorine — sodium chloride
2Na(s) + Cl(g) — 2NaCl(s)

They react in a similar way with fluorine, bromine, and iodine.

All of these ionic compounds of the alkali metals and non-metals are also white

and dissolve easily in water. The solutions formed are all colourless.

Summary questions
1 Why are the alkali metals stored under oil?

2 What is the trend in the melting points of the alkali metals as their atomic
number increases?

3 Explain why the alkali metals form ions with a 1+ charge.

4 Caesium is near the bottom of Group 1 in the periodic table.
What do you think would happen if it was dropped into water? Include an
explanation of your observations and a balanced symbol equation with
state symbols in your answer.

5 Write a balanced symbol equation, including state symbols, for the
reaction of caesium (Cs) with:
a iodine

\when watching this demonstration. )

\ b bromine. )

S D § GH— ,

Group 1 - the alkali metals

Figure 3 Lithium, sodium, and potassium
reacting with water (the lithium is on the
left of the trough, the potassium has
burning hydrogen above it, and the
sodium is the molten silvery ball on the

right)

CD links

For further information on reactivity
within groups, look at 3.5 ‘Explaining
trends’.

Key points

® The elements in Group 1 of
the periodic table are called
the alkali metals.

B Their melting points and
boiling points decrease
going down the group.

B The metals all react with
water to produce hydrogen
and an alkaline solution
containing the metal
hydroxide.

B They form 1+ ions in
reactions to make ionic
compounds. These are
generally white and dissolve
in water, giving colourless
solutions.

B The reactivity of the alkali
metals increases going down

the group.
\. _J




Learning objectives

After this topic, you should
know:

= the properties of the
transition elements

= how the transition elements
compare with the alkali
metals.

o
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The transition elements

In the centre of the periodic table, between Groups 2 and 3, there is a large
block of metallic elements. This block, shown below, contains the transition
elements or transition metals.

45 48 51 52 55 56 59 59 63.5 65
Sc Ti v Gr Mn Fe Go Ni Gu In
21 22 23 24 25 26 27 28 29 30
89 91 93 96 98 101 103 106 108 112
Y Ir Nb Mo Tc Ru Rh Pd Ag Cd
39 40 M 42 43 44 45 46 47 48
178 181 184 186 190 192 195 197 201
Hf Ta w Re Os Ir Pt Au Hg
72 73 74 75 76 77 78 79 80

Figure 1 The transition elements. The more common metals are shown in bold type.

Physical properties

The transition elements have the properties of ‘typical’ metals. Their metallic
bonding and giant structures explain most of their properties.

Transition elements:

B are good conductors of electricity and heat

® are hard and strong

® have high densities

B have high melting points (with the exception of mercury, which is a liquid at
room temperature).

The transition elements have very high melting points compared with those of
the alkali metals in Group 1 (see Figure 2). They are also harder, stronger, and
much denser.

2000
1800
1600 =
1400
1200 H R
1000 HHFHFHHEHHE
800 S U U O R g
600 T T N N N NG R Wy
400 =N - B E- Wl R
200

u__._.__l_u

Li Na K R C S Ti V C Mn Fe Co Ni Cu

melting point / °C

Figure 2 The melting points of the transition elements are much higher than those of the
Group 1 elements
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The transition elements

Chemical properties

The transition elements are much less reactive than the metals in Group 1. This
means they do not react as readily with oxygen or water as the alkali metals
do. So if they corrode, they do so very slowly. Together with their physical
properties, this makes the transition elements very useful as structural
materials.

Compounds of transition elements

Many of the transition elements form coloured compounds. These include
some very common compounds that are used in the laboratory. For example,
copper(u) sulfate is blue (from the copper ions, Cu®).

4 / b N, : .

Figure 3 Compounds of transition elements are coloured (as opposed to the mainly white
compounds of the alkali metals). The colours of many minerals, rocks and gemstones are due
to transition element ions. A reddish-brown colour in a rock is often due to iron ions, Fe**. The
blue colour of sapphires and the green of emeralds are both due to transition element ions in
the structures of their crystals.

Notice that the name of a compound containing a transition element usually
includes a Roman number. For example, you will have seen copper(u) sulfate
or iron(m) oxide.

This is because transition elements can form more than one ion. For example,
iron may exist as Fe?* or Fe*. Copper can form Cu* and Cu?*, and chromium
Cr?* and Cr*. Compounds of these ions are different colours. For example,
iron(t1) ions (Fe?*) give compounds a green colour, but iron(in) ions (Fe®*) give a
reddish-brown colour.

Transition elements and their compounds are also very important in the
chemical industry as catalysts. For example, nickel is used as a catalyst in the
manufacture of margarine.

Summary questions
1 a List the properties of a typical transition element.

b How is mercury unlike a typical transition metal?

2 Write down the name of the following compounds of transition elements:
a FeCl, b Cr,0,

3 Copper (Cu) can form ions that carry a 1+ or a 2+ charge. Write down the
name and formula of each compound copper can form with oxygen.

4 Find out the name and formula of the transition metal compound used as
\ a catalyst in the manufacture of sulfuric acid. )

S D § GH—

Your teacher can show you the
range of colours that different
ions of vanadium can have.

Find out the names and
formulae of the ions
kresponsible for each colour. )

The colours of vanadium

ions

The charge on the metal ion is
given in the name of many
transition metal compounds, for

example, copper(n) sulfate
. contains Cu?' ions.

Key points

Compared with the alkali
metals, transition elements
have much higher melting
points and densities. They
are also stronger and harder,
but are much less reactive.

The transition elements do
not react vigorously with
oxygen or water.

A transition element can form
ions with different charges,
in compounds that are often
coloured.

Transition elements and their
compounds are important
industrial catalysts.

J




RM.DL.BOOKS GROUPS
The periodic table

Group 7 - the halogens

Properties of the halogens

Learning objectives
The Group 7 elements are called the halogens. They are a group of poisonous

After this topic, you should non-metals that have coloured vapours. They have fairly typical properties of

know: non-metals.

® how the Group 7 elements ® They have low melting points and boiling points. Their melting points and
behave boiling points increase going down the group (see Figure 2).

B They are also poor conductors of heat and electricity.
= how the properties of the Y P Yy

Group 7 elements change
going down the group.

As elements, the halogens all exist as molecules made up of pairs of atoms.
The atoms in each pair are joined to each other by a covalent bond.

Melting | B

19 point (°C) | F
9 oy 220 | -188
35.5 (F)

Cl Cl—¢«l
17 ) -101 -35
80
% Br Br—Br . 50
127 (Bry)

L e 184
53 1
oy (L)

At Figure 2 The halogens all form molecules made up of a pair of atoms, joined by a covalent
85 bond. This type of molecule is called a ‘diatomic molecule’.

Figure 1 The Group 7 elements

Reactions of the halogens

The electronic structure of the halogens determines the way they react with
other elements. They all have seven electrons in their outermost shell (highest
energy level). So they need to gain just one more electron to achieve the stable
electronic structure of a noble gas. This means that the halogens take part in
both ionic and covalent bonding.

How the halogens react with hydrogen

F,(g) + H,(g) — 2HF(g) Explosive even at -200°C and in the dark

Cl,(9) + H,(9) — 2HCl(g) Explosive in sunlight, but slow in the dark

Br,(g) + H,(g) — 2HBr(g) 300°C + platinum catalyst

L(g) + H,(g) = 2HI(g) 300°C + platinum catalyst (very slow, reversible)

Look at the table of reactions of the halogens with hydrogen gas. It shows a
general trend that you find in Group 7 - the elements get less reactive going
down the group.

In Group 7, reactivity decreases
as you go down the group.

However, in Group 1, reactivity The halogens also all react with metals. They gain a single electron to give
increases going down the them a stable arrangement of electrons. They form ions with a 1- charge, for
group. . example, F~, Cl-, Br. Examples of their ionic compounds include sodium

N, J chloride, NaCl, and iron(ui) bromide, FeBr,.

-
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222

o - s 2+ =
// 3 f*\\ / Many early chemists were badly
/ ; //’“\‘\\ \ .- f\x hurt or even killed as they tried
X cl ¢ \C’ﬂ> ¥ X \il to make pure fluorine. They
\9\ / \\J \\\s\e// called it ‘the gas of Lucifer’.

55

It was finally produced by the
French chemist Henri Moissan,

Look at the diagram of the ions in calcium chloride, CaCl,, below: Did you know ... ?

When a halogen reacts with another non-metal, the atoms of the halogen share who died aged just 55. His life
electrons with the atoms of the other element. This gives the atoms of both was almost certainly shortened
elements the stable electronic structure of one of the noble gases. Therefore, by his work with fluorine.

the compounds of halogens with non-metals contain covalent bonds.

Look at the dot and cross diagram of hydrogen chloride, HCI, below, showing
only the outer shell electrons:

I Displacement reactions l

Add bromine water to
potassium iodide solution in a
test tube. Then try some other

(Note that the circles need not be shown in dot and cross diagrams.)

Displacement reactions between halogens

You can use a more reactive halogen to displace a less reactive halogen from combinations of solutions of

solutions of its salts. halogens and potassium

Bromine displaces iodine from solution because it is more reactive than iodine. halides.

Chlorine will displace both iodine and bromine. B Record your results in a
table.

For example, chlorine will displace bromine: . .
B Explain your observations.

chlorine + potassium bromide — potassium chloride + bromine .
Cl(ag) + 9KBr(ag) § 2KCl(aq) + Br,(ag) Safety: Wear chemical splash-
2 2 proof eye protection. Chlorine

Obviously fluorine, the most reactive of the halogens, would displace all of the @d bromine are toxic. )
others. However, it reacts so violently with water that you cannot carry out
reactions of fluorine in aqueous solutions.

Summary questions
1 In the Group 7 elements, what is the trend going down the group in: Key points

a their melting points? b their reactivity? ® The halogens all form ions
2 a Using the data in the table in Figure 2, give the state of each Group 7 with a single negative charge
element at 20°C. in their ionic compounds with
b What is the general name given to the Group 7 elements? metals.
3 a Show theions in lithium fluoride, LiF, in a diagram showing all the ® The halogens form covalent
electrons. compounds by sharing
b Draw a dot and cross diagram, showing only the outer shell electrons, electrons with other non-
of a molecule of hydrogen iodide. metals.
4 a Write a word equation for the reaction of lithium with bromine. ® A more reactive halogen
b Write a word equation for the reaction of bromine water with can displace a less reactive
potassium iodide solution. halogen from a solution of
5 Write a balanced symbol equation, including state symbols, for the one of its salts.
reaction of: B The reactivity of the halogens
a sodium metal with iodine vapour decreases going down the
\ b chlorine water with sodium iodide solution. J group.
\. _J
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Learning objectives

After this topic, you should

know:

® the trends in reactivity in
Group 1 and Group 7

= how electronic structure can
explain trends in reactivity in
these groups.

J
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Explaining trends

As you saw in Topic 3.2, the Group 1 elements get more reactive going down
the group:

Li

Na
K getting more reactive
Rb
Gs Y

The opposite trend is observed in the Group 7 elements (see Topic 3.4):

F
Cl
Br | getting less reactive
I
At Y

These trends can be explained by looking at the electronic structures and how
the atoms tend to lose or gain electrons in their reactions.

Reactivity within groups

As you go down a group the number of shells occupied by electrons increases,
by one extra electron shell per period, and the atoms get bigger.

This has two effects:
B |arger atoms lose electrons more easily going down a group
B larger atoms gain electrons less easily going down a group.

This happens because the outer electrons are further away from the attractive
force of the nucleus. Not only that, the inner shells ‘screen’ or ‘shield’ the outer
electrons from the positive charge in the nucleus. You can see this effect with
the alkali metals and the halogens. Remember that the atoms of alkali metals
tend to lose electrons when they form chemical bonds. On the other hand, the
atoms of the halogens tend to gain electrons.

Explaining the trend in Group 1

Reactivity increases going down Group 1 because the atoms get bigger so the
single electron in the outermost shell (highest energy level) is attracted less
strongly to the positive nucleus. The electrostatic attraction gets weaker
because the distance between the outer electron and the nucleus increases.

Also the outer electron experiences a shielding effect from inner shells of
electrons. This reduces the attraction between the oppositely charged outer
electron and the nucleus.

The size of the positive charge on the nucleus does become larger as you go
down a group, as more protons are added. This suggests that the attraction for
the outer electron should get stronger. However, the greater distance and the
shielding effect of inner electrons outweigh the increasing nuclear charge. So
the change from Li to Li* takes more energy than Na changing to Na*.

Therefore in Group 1, the outer electron gets easier to remove going down the
group and the elements get more and more reactive.

-
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This electron is
easier to remove
than the outer
electron ina
lithium atom

Li atom Na atom

Figure 1 Sodium’s outer electron is further from the nuclear charge and is shielded by more
inner shell electrons than lithium's outer electron

Explaining the trend in Group 7

Reactivity decreases going down Group 7. To explain this, consider the same
factors you looked at with the alkali metals:

u the size of the atom

B the shielding effect of inner electrons

B the nuclear charge.

When Group 7 elements react, their atoms gain an electron into their outermost
shell (highest energy level). Going down the group, the outermost shell gets
further away from the attractive force of the nucleus so it is harder to attract and
gain an incoming electron.

The outer shell will also be shielded by more inner electrons, again reducing
the attraction of the nucleus for an incoming electron.

The effect of the increased nuclear charge going down the group (which helps
atoms gain an incoming electron) is outweighed by the effect of increased
distance and shielding by more inner electrons. So iodine is less reactive than
fluorine. The attraction for the incoming electron when F changes to F~is much
greater than when I changes to I

@)

experiences more
Fatom attraction going into the Cl atom
outer shell of F compared to Cl

Figure 2 F forms F- more readily than Cl forms Cl-

Summary questions
1 Which one of these atoms will have electrons in its outermost shell

(highest energy level) which experience the greatest attractive force
between themselves and the nucleus?

Helium Lithium Fluorine Potassium Argon
Explain your answer.

2 Explain why potassium is more reactive than lithium.

3 Explain why fluorine is more reactive than bromine.

4 Predict the difference in reactivity, giving reasons, seen in:
a Group 2, between magnesium and calcium
\ b Group 6, between oxygen and sulfur. )

Exp[aining trends

Key points

B You can explain trends in

reactivity as you go down

a group in terms of the
attraction between electrons
in the outermost shell and the
nucleus.

This electrostatic attraction

depends on:

- the distance between the
outermost electrons and
the nucleus

- the number of occupied
inner shells (energy levels)
of electrons, which provide
a shielding effect.

In deciding how easy it

is for atoms to lose or
gain electrons from their
outermost shell, these
two factors outweigh the
increased nuclear charge
due to extra protons in the

nucleus, going down a group.
_J
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The periodic table

Chapter summary questions

1 a Where in the periodic table will you find:
i the halogens?
ii the noble gases?
ili the alkali metals?
iv the transition elements?

b In which groups would you find the four elements
described in i, ii, iii, and iv below?

i Thisis a dense metal with a high melting point. It
reacts only very slowly with water but will react
when heated with steam.

ii Thisis a metal that can be cut with a knife and is
stored under oil. It reacts violently with water and
forms ions with a 1+ charge.

ili Thisis a very unreactive, monatomic gas.

iv This toxic gas is the most reactive of the all the
non-metallic elements. It forms ions with a 1-
charge and will also form covalent compounds.

2 Astatine (At) is a halogen whose atomic number is 85. It
lies at the bottom of Group 7.

a How many electrons occupy its outermost shell
(highest energy level)? How did you work out the
answer?

b Predict the state of astatine at 20°C.

¢ For the compound sodium astatide, predict:

i itstype of bonding

i its colour

iii its chemical formula

iv the balanced symbol equation for its formation from
its elements

v whether or not you would see signs of a reaction if
a solution of sodium astatide was mixed with
chlorine water. Explain how you arrived at your
answer.

3 Rubidium (Rb) is in Group 1 of the periodic table, lying
directly beneath potassium.

a Predict the physical properties of rubidium, to include:
i its hardness
i its electrical conductivity
ili its melting point.
b i What will be the charge on a rubidium ion?
ii Copy and complete the table below:

Rubidium compound Chemical formula

Rubidium iodide

Rubidium fluoride

Rubidium hydroxide

ili What is the colour of the rubidium compounds in
the table in part ii? Comment on their solubility in
water.

¢ Write down word equations and balanced symbol
equations, including state symbols, for the following
reactions:
i rubidium and water
ii rubidium and chlorine.

d Will the reactions of rubidium in part ¢ be more or less
vigorous than the same reactions using potassium?
Explain your answer by comparing the electronic
structures of the two elements.

a Draw dot and cross diagrams to show the bonding in
the following substances. (Draw only the outer shell
electrons.)

i hydrogen bromide
ii iodine

b Draw a diagram showing all the electrons in lithium
chloride.

Copper is a typical transition element. Sodium is a
Group 1 element.

a i How would you be able to tell which compound
was which if you were given unlabelled samples of
copper(i) sulfate and sodium sulfate?

ii Why does copper in copper(u) sulfate have a
Roman numeral after its name but sodium in
sodium sulfate does not?

b How do the physical properties of copper differ from
those of sodium?

¢ How does the reactivity of copper compare with that of
sodium? Use a test with water to illustrate your answer.
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Practice questions

1 The metals in Group 1 of the periodic table are chemically 3 The elements in Group 7 of the periodic table are called
very reactive but have physical properties very different halogens. They form salts called halides.
from most other metals. a Write a symbol equation for the salt formed when
a State two physical properties whose values are calcium reacts with chlorine. (2)
much lower for Group 1 metals than for most other b When a halogen is added to a solution of a halide a

metals. (2)

b A small piece of lithium is added to a large trough of
water. A similar piece of potassium is added to a
different trough of water. A reaction occurs in both

displacement reaction sometimes occurs.

Copy and complete the following word equations with
the names of the products where a reaction occurs. If
no reaction occurs, write ‘no reaction’.

f“’OUQhS- ‘ ‘ i iodine + lithium bromide — ......... 1)
i State two observations that could be made in the ii chlorine + sodium bromide — (1)
lithium reaction. @ ili bromine + potassium iodide — ............ (1)

ii State two observations that could be made in the o ‘ ‘ )
potassium reaction that would not be made in the ¢ Fluorine is more reactive than chlorine. The electronic

[T - ©) structures of these halogens are:

ili A piece of litmus paper was dipped in the solution F 27 Ccl 2,87
formed in the lithium reaction.
State and explain the final colour of the litmus.  (2)
iv Write a symbol equation for the reaction between
potassium and water. (2)

Use these electronic structures to explain why fluorine
reacts more vigorously than chlorine. (3)

¢ Lithium and potassium also react with chlorine.
Potassium reacts more vigorously than lithium. The
electronic structures of the metals are

Li 2,1 K 2,881

Use these electronic structures to explain why
potassium reacts more vigorously than lithium. (3)

2 The elements in the centre of the periodic table are called
transition elements and they have several properties in
common with each other.

a One property is the formation of ions with different
charges.

State the formula of the metal ion in FeCl, and in
FeCl,. (2)

b Another property is the formation of coloured
compounds.

State the colour of Fe(OH), and of Fe(OH),. 2)

¢ The name of the compound manganese(iv) oxide

contains the Roman numeral with a value of 4.

i What does this numeral indicate about the
manganese in this compound? (1)

ii Manganese(iv) oxide speeds up the decomposition
of hydrogen peroxide. What name is used for
compounds that speed up reactions but remain
chemically unchanged at the end of the
reaction? (1)

- ol
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Useful metals

Learning objectives Transition metals

In the centre of the periodic table there is a large block of metallic elements.

After this topic, you should Most are called transition metals and have similar properties. Like all metals,
know: the transition metals are very good conductors of electricity and heat. They are
® what transition metals are strong but can also be bent or hammered into useful shapes.

and why they are so useful
= why copper is such a useful I:] r

metal
B why alloys are often more

useful than pure metals.

J Transition metals

Figure 1 The transition metals are found in the yellow block of the periodic table shown here

The properties of the transition metals mean that they can be used in many
different ways. You will find them in buildings and in cars, trains, and other
types of transport. Their strength makes them useful as building materials.
They are used in heating systems and for electrical wiring because heat energy
and electricity pass through them easily.

Copper is a very useful transition metal. It can be bent but is still hard enough
for plumbers to use as water tanks or pipes and it does not react with water.
Copper also conducts electricity and heat very well. So it is ideal where we
need:

B pipes that will carry water, or

® wires that will conduct electricity.

Figure 2 Copper is particularly useful
because it is such a good conductor of
electricity

CO links

For more information on the
transition metals, look back to 3.3 - : N L A B S T _
‘The transition elements’. Figure 3 Transition metals are used in many different ways because of their useful properties

- T £
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Copper alloys

Bronze was probably the first alloy made by humans, about 5500 years ago. It
is usually made by mixing copper with tin. It is used to make ship’s propellers
because of its toughness and resistance to corrosion.

Brass is made by alloying copper with zinc. Brass is much harder than copper
but it is workable. It can be hammered into sheets and pressed into intricate
shapes. This property is used to make musical instruments, such as trumpets.

Aluminium alloys

Aluminium has a low density for a metal. It can be alloyed with a wide range of
other elements. There are over 300 alloys of aluminium available. These alloys
have very different properties. Engineers use ‘light-weight’, but strong,
aluminium alloys to build aircraft whilst others can be used as armour-plating
on tanks and other military vehicles.

Gold alloys
Figure 4 The Statue of Liberty in New
As with copper and iron, gold and aluminium can be made harder by adding York contains over 80 tonnes of copper

other elements. Gold is usually alloyed with copper when used to make jewellery.
Pure gold wears away more easily than its alloy with copper. By varying the
proportions of the two metals you also get different shades of ‘gold’ objects.

.‘7? Did you know ...?

The purity of gold is often
expressed in ‘carats’, where
24-carat gold is almost pure
gold (99.9%). If you divide the
carat number by 24, you get the
fraction of gold in your
jewellery. So an 18-carat gold

. ring will contain § (75%) gold.

Figure 5 Alloying with
copper makes gold
more hardwearing. This
is especially important in
wedding rings, which

many married people H
wear most of the time. Key pomts
. B The transition metals are
Summary questions found in the central block
1 a Write alist of the properties of a typical transition metal. of elements in the periodic

b Where in the periodic table will you find the transition metals? lable
¢ Which metal mentioned on this page is not a transition metal? B Transition metals have

2 a Why is copper used so much in plumbing? properties that make them
b Why is gold alloyed with copper in many wedding rings? useful for building and

‘ . making things. For example,
3 Silver and gold are transition metals that are better conductors of copper is used in wiring

electricity than copper. Why is copper used to make electric cables because of its high electrical
instead of either of these metals? conductivity.

4 Why are aluminium alloys used extensively in the aircraft industry? = Copper, gold, and aluminium

5 Explain in detail why copper alloys are more suitable for making coins are all alloyed with other

\ than pure copper metal. ) metals to make them harder.
. J
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Learning objectives

After this topic, you should
know:

® how iron ore is reduced

® how to explain oxidation
and reduction in terms of
the addition and removal of
oxygen

B the main types and uses of
steels.

. J/

Figure 1 The iron which has just come
out of a blast fumace contains about 96%
iron. The main impurity is carbon.

You need to know how the

hardness of steels is related to
| their carbon content.

gy g
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Iron and steels

Iron ore (the rock from which iron is extracted) contains iron combined with
oxygen in iron(i1) oxide along with rocky impurities. Iron is less reactive than
carbon. So, iron can be extracted by using carbon to remove oxygen from the
iron(it1) oxide in the ore. Iron is extracted in a blast furnace. The raw materials
fed into the furnace, which is run continuously, are:

H iron ore (called haematite)

B coke (a cheap form of carbon made from coal)

H air

B limestone (used to remove impurities by reacting with them to form slag).
The reaction which happens in the blast furnace to remove the oxygen is:

carbon + oxygen — carbon dioxide
C(s) + 049 —  CO,9
In this reaction, the carbon has been oxidised. It has had oxygen added to it to
form carbon dioxide. One way that chemists define oxidation is ‘the addition of
oxygen’.
Another reaction inside a blast furnace is:

carbon dioxide + carbon — carbon monoxide
CO,(9) + Cls) — 2C0(qg)

In this reaction, carbon dioxide is reduced, as it loses an oxygen atom to form
carbon monoxide. One way that chemists define reduction is ‘the removal of
oxygen’. (Note also that carbon is oxidised in this reaction; forming carbon
monoxide). The carbon monoxide then reduces the iron(in) oxide:

iron(i11) oxide + carbon monoxide — iron + carbon dioxide
Fe,O,s) + 3CO(g) — 2Fe(l) + 3CO,(g)

The molten iron is tapped off from the bottom of the fumace.

Iron straight from the blast furnace has limited uses. It contains about 96% iron
and contains impurities, mainly carbon. This makes the iron brittle, although it
is very hard and cannot be easily compressed. When molten it can be run into
moulds and cast into different shapes. This cast iron is used to make wood-
burning stoves, man-hole covers on roads, and engines. Despite being brittle,
cast iron can withstand high forces of compression without breaking. This is
why it is used in man-hole covers.

The iron from the blast furnace can be treated to remove some of the carbon.

Removing all the carbon and other impurities from cast iron gives us pure iron.
This is relatively soft and easily-shaped. However, it is too soft for most uses. If
you want to make iron really useful you have to make sure that it contains tiny
amounts of other elements. These include carbon and metals, such as nickel
and chromium. A metal that is mixed with other elements is called an alloy.

Steels

Steels are alloys of iron. By adding elements in carefully controlled amounts,
scientists can change the properties of the steels.

Steel is not a single substance. Like all alloys, it is a mixture. There are lots of
different types of steel. All of them are alloys of iron with carbon and/or other
elements.

—
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Carbon steels

The simplest steels are the carbon steels. These are made by removing most
of the carbon from cast iron, just leaving small amounts of carbon (from 0.03%
to 1.5%). These are the cheapest steels to make. They are used in many
products, such as the bodies of cars, knives, machinery, ships, containers, and
structural steel for buildings.

Often these carbon steels have small amounts of other elements in them as
well. High carbon steel, with a relatively high carbon content, is very strong but
brittle. On the other hand, low carbon steel is soft and easily shaped. It is not as
strong, but is much less likely to shatter on impact with a hard object.

Mild steel is one type of low carbon steel. It contains less than 0.1% carbon.
It is very easily pressed into shapes. This makes it particularly useful in mass
production, such as making car bodies.

Alloy steels

Low-alloy steels are more expensive than carbon steels because they contain
between 1% and 5% of other metals. Each of these metals produces a steel
that is well-suited for a particular use.

Even more expensive are the high-alloy steels. These contain a much higher
percentage of other metals. The chromium-nickel steels are known as
stainless steels. They are used to make cooking utensils and cutlery. They are
also used to make chemical reaction vessels. This is because they combine
hardness and strength with great resistance to corrosion. Unlike most other
steels, they do not rust!

.?? Did you know ...?

Nickel-steel alloys are used to build long-span bridges, bicycle chains and

military armour-plating. This is because they are very resistant to stretching

forces. Tungsten steel operates well under very hot conditions so it is used
. to make high-speed tools such as drill bits.

Summary questions
1 a Why is iron from a blast fumace very brittle?

b How does cast iron differ from pure iron in its composition and
properties?

¢ Give one use of cast iron which relies on its high strength in compression.

2 a Name the raw materials used in a blast fumace for the extraction of iron.

b Name the main reducing agent in the blast furnace and write a
balanced symbol equation for its formation. Include state symbols.

¢ A small amount of iron(ii1) oxide is reduced by solid carbon in the
blast furnace. Write a word equation and a balanced symbol equation
with state symbols for this reaction.

d Explain why carbon monoxide, as opposed to solid carbon, reduces
most of the iron(i) oxide in the blast furnace.

3 Make a table to summarise the main useful properties of low carbon
steel, high carbon steel, and chromium-nickel steel.

4 a Why are surgical instruments made from steel containing chromium

and nickel?
b Explain which type of steel is used to make:
\ i carbodies ii railway tracks. )

— ron and steels

Figure 2 Low carbon steel called mild
steel is easily pressed into shapes

Figure 3 The properties of alloy steels
make them ideal for use in bridges

Py

Figure 4 The resistance of stainless
steels to rusting make them ideal for
making utensils and cutlery

¥ Ironis extracted from iron ore
by reducing it using carbon
in a blast furnace. The main
reducing agent is carbon
monoxide gas.

® Pure iron is too soft for it to
be very useful.

B Carefully controlled
quantities of carbon and
other elements are added to
iron to make steel alloys with
different properties.

B Important examples of steels
are:
- low carbon steels which
are easily shaped
- high carbon steels which
are very hard
- stainless steels which are

resistant to corrosion.
- ,
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Learning objectives

After this topic, you should
know:

® what the reactivity series is

® how some common metals
react with water and with
dilute acid.

redicting reactions

Calcium is a metal that is more
reactive than magnesium, but
less reactive than lithium.

B Predict what you will see
when a piece of calcium is
added to a beaker of water
and name any products that
might be formed.

Try out the reaction in a large
beaker (or trough) of water.
Have an inverted test tube full
of water ready to collect any
gas given off and test the
solution left with universal
indicator paper. Test if the gas
collected is hydrogen, using a
lighted spill.

B Evaluate your prediction by
comparing your
observations with your ideas
before trying out the
experiment.

B Write a word and balanced
symbol equation for the
reaction between calcium
and water.

Safety: Do not touch calcium
metal or the solution formed in
the reaction. Wear eye
protection. Calcium is highly

Qam mable. J

-
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The reactivity series

Metals are important in all our lives. For example, in transport metals are used
to make bicycles, cars, ships, trains, and aeroplanes. In this chapter you will
look at the chemistry involved in getting these metals from their raw materials,
ores. Ores are rocks from which it is economical to extract the metals that they
contain. With new techniques, scientists can now extract metals from rock once
thought of as waste.

Most metals in ores are chemically bonded to other elements in compounds.
So, how can the metals be extracted from their ores? To answer this you must
understand the reactivity series of metals. The reactivity series is a list of
metals in order of their reactivity, with the most reactive metals at the top and
the least reactive ones at the bottom (see Table 1 on the next page).

Metals plus water

You can start putting the metals in order of reactivity by looking at their
reactions with water. Most metals do not react vigorously with water. Metals
such as copper, which does not react at all with water, can be used to make
water pipes. However, there is a great range in reactivity between different
metals. For example, you have seen how the alkali metals in Group 1 react with
water in Topic 3.2 Group 1 - the alkali metals. They react vigorously, giving off
hydrogen gas and leaving alkaline solutions. The reactivity increases going
down Group 1, so of the metals you observed, the order of reactivity is 1
potassium (most reactive), 2 sodium, and 3 lithium (least reactive).

Magnesium lies somewhere between lithium and copper in the reactivity series.
If magnesium is left in a beaker of water, it takes several days to collect enough
gas to test with a lighted spill. The resulting ‘pop’ shows that the gas is
hydrogen.

Although magnesium reacts very slowly with water, you can speed up the
reaction by heating and reacting the metal with steam.

Magnesium and steam

Watch your teacher demonstrate the reaction below:

Ceramic wool soaked in
water {In make steam)

]_ z | You can light
the hydrogen
( — é j—|7 o gas given off

Heat

Magnesmm

B Describe what happens as the magnesium reacts with the steam.
B Which gas burns off at the end of the tube?
B The white solid left in the test tube is magnesium oxide (MgO). Write a
word equation and a balanced symbol equation, including state
\ symbols, for the reaction of magnesium and steam. )
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The reactivity series

Metals and acid l

You are given coarse-grained
filings of the metals copper,
aluminium, zinc, iron, and
magnesium to put into an order
of reactivity according to their
reactions with dilute
hydrochloric acid.

Metals plus dilute acid

You have now seen how a range of metals react with water, and that you can
use your observations of these reactions to place the metals into an order of
reactivity. However, where the reactions are very slow, the task of ordering the
metals is difficult. With these metals, look at their reactions with dilute acid to
arrive at an order of reactivity.

Here is a table that summarises the reactions of some important metals with
water and dilute acid:

Table 1 The reactivity series
Note: Aluminium is protected by a layer of aluminium oxide so will not undergo the reactions
above unless the oxide layer is removed. This is why this fairly reactive metal can be used

outside, for example in sliding patio doors, without corroding.

Plan a test to put the metals in
order of reactivity based on
your observations. Your plan

Order of reactivity Reaction with water Reaction with dilute acid should include the quantities
potassium . L of reactants you intend to use.
. fizz, giving oft hycdrogen, (You will have access to a

sodium leaving an alkaline explode balance and measuring
lithium solution of metal cylinders.)
; hydroxide
calcium Let your teacher check your
magnesium plan before you start your tests.
SRR react with steam, giving fizz, giving off hydrogen B Give a brief outline of your
: off hydrogen and forming and forming a salt method, including how you
NG the metal oxide will make it as fair a test as

iron possible.
B Record your results in a

i slight reaction with steam et slowly_wlth wae suitable table.

lead aeid B Put the metals in order of
copper reactivity according to your

- no reaction, even with . observations.

silver A no reaction ® Identify any hazards

gold \_ ' S

QD links

For more about the reaction of
metals with dilute acid, see 7.2
‘Making salts from metals or
insoluble bases’.

Summary questions
1 Write the word equation and balanced symbol equation, including state

symbols, for the reaction between:
a lithium and water
b zinc and steam.

2 A student added a piece of magnesium ribbon to dilute sulfuric acid.
a List three ways she could tell that a chemical reaction was taking place.
b Write down the general equation that describes the reaction between
a metal and an acid. (See Topic 7.2.)
¢ Write the word equation and balanced symbol equation, including state

Key points

B The metals can be placed

symbols, for the reaction between magnesium and dilute sulfuric acid.

Explain these facts in terms of chemical reactivity:

a Gold, silver, and platinum are used to make jewellery.
b Potassium, lithium, and sodium are stored in jars of oil.
¢ Food cans are plated with tin, but not zinc.

Explain why aluminium can be used outdoors, for example, as window

frames, even though it is quite high in the reactivity series. J

in order of reactivity by their
reactions with water and
dilute acid.

® Hydrogen gas is given off if
metals react with water or
dilute acids. The gas ‘pops’

with a lighted spill.
N J

S & GHE— .,



Learning objectives

After this topic, you should

know:

® how displacement reactions
take place

= the position of hydrogen in
the reactivity series

B the definitions of reduction
and oxidation in terms of
electron transfer.

Magnesium sulfate + copper

Figure 1 Magnesium displaces copper
from copper(u) sulfate solution

Dm

isplacing a metal from
solution
Set up the test tube as shown:
Zinc sheet

Lead nitrate
solution

Leave the tube until you see
metal crystals on the surface of
the zinc sheet.

B What do the crystals look like?
H Explain what happens.

Safety: Lead compounds are
toxic. Wear chemical splash-

\Firoof eye protection. j
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Metals

Displacement reactions

In Topic 4.3 The reactivity series, you have seen how to use the reactions of
metals with water and dilute acid to get an order of reactivity. You can also
judge reactivity by putting the metals ‘into competition’ with each other. One
metal starts off as the element and the other metal as an ion in a solution of
one of its salts. For example, you might have magnesium metal, Mg(s), and
copper(u) ions, Cu?*(aqg), in a solution of copper(n) sulfate.

A more reactive metal will displace a less reactive metal from an aqueous
solution of one of its salts.

In this case, magnesium is more reactive than copper. Therefore the copper
ions will be displaced from solution to form copper metal, Cu(s). In this
reaction, the magnesium metal forms aqueous magnesium ions, Mg?*(aq), and
dissolves into the solution (see Figure 1). This is a displacement reaction.

The word equation is:
magnesium + copper (i) sulfate — magnesium sulfate + copper
The balanced symbol equation is:
Mg(s) + CuSO (aq) - MgSO (aq) + Cu(s)

The ionic equation (showing only the atoms and ions that change in the
reaction):

Mg(s) + Cu?(aq) — Mg*/(aq) + Cu(s)

This shows that magnesium atoms have a greater tendency to form positive
ions than copper atoms.

Zinc is more reactive than lead - it is higher up the reactivity series. Therefore,
zinc displaces lead from its solution:

zinc + lead nitrate — zinc nitrate + lead
Zn(s) + Pb(NO,),(aq) — Zn(NO,),(aq) + Pb(s)

You will see the lead metal forming as crystals on the zinc.

Predicting reactions

Copy and fill in the table below.

Metal | Magnesium | Copper Zinc Iron
Solution
Magnesium sulfate X
Copper sulfate X
Zinc sulfate X
Iron sulfate X

Predict which will react (enter a tick in your table), and which won't (enter a
cross).

Try out the reactions on a spotting tile.

\Safety: Wear eye protection. Some chemicals are harmful. )

-
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Disptacement reactions

‘ Hydrogen in the reactivity series
The positions of the non-metals hydrogen and carbon in the reactivity series
can be determined using displacement reactions. You can think of the metal
plus acid reactions as displacement of hydrogen ions, H*(aq), from solution.
Copper cannot displace the hydrogen from an acid, whereas lead can. So
hydrogen is positioned between copper and lead.

Oxidation and reduction

Oxidation can be defined as the chemical addition of oxygen, and reduction
as the removal of oxygen. A wider definition involves the transfer of electrons
rather than oxygen atoms.

Oxidation is the loss of electrons. Reduction is the gain of electrons. ( \
You can apply these definitions to displacement reactions in solution. Take as !Js_ing displacement
an example, the displacement of copper by iron. This reaction is used in in industry
industry to extract copper metal from copper sulfate: In industry, copper can be
Fe(s) + Cu?'(aq) — Fe**(aq) + Cu(s) extracted from copper sulfate

solution by adding scrap iron.

The iron added to the copper sulfate solution is cheap scrap iron. Consider ) -
Iron is more reactive than

what happens to each reactant in the ionic equation above: : :
copper, so it can displace

Fe(s) — Fe*(aq) + 2 copper from its solutions, for
This is called a half equation - you can see more examples on page 66. Iron example, from copper(i)
atoms lose two electrons to form iron(u) ions. This is oxidation (the loss of sulfate solution:

electrons). We say that iron atoms have been oxidised.
. . , iron + copper(u) sulfate —
These two electrons from iron are gained by the copper(u) ions as they form k iron(r) sulfate + copper

copper atoms:

Cu?*(aq) + 2e- — Cu(s)
This is reduction (the gain of electrons). The copper(n) ions have been reduced.

This is why these displacement reactions are also known as redox reactions _:)? Did you know ... ?
(reduction—oxidation). -

The copper(n) sulfate solution
used in the extraction of copper
from its ores can be obtained
by treating low-grade copper
ores with bacteria, in a process
called bioleaching.

Summary questions
1 Which of the following pairs of metals and solutions will result in a
reaction? If a reaction is predicted, write a balanced symbol equation, Key pOil‘ItS
including state symbols.

a iron + zinc sulfate b zinc + copper sulfate B A more reactive metal will
¢ magnesium + iron(u) chloride displace a less reactive metal
2 Hydrogen gas is used in the reduction of tungsten oxide, WO,, to extract from its aqueous solution.

tungsten metal.

a What does this tell you about the position of tungsten in the reactivity & Hydrogen can be given a

position in the reactivity

ol series on the basis of
b Write a balanced symbol equation for the reduction of tungsten oxide : p
displacement reactions.
by hydrogen.
3 a Write the ionic equation, including state symbols, for the reaction " Oxidation is the loss of
between zinc and iron(u) sulfate. electrons.
b Explain in terms of the transfer of electrons which species (atom, ® Reduction is the gain of
\ molecule, or ion) is oxidised and which is reduced in this reaction. ) electrons.
-’
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Learning objectives

After this topic, you should

know:

® what happens when dilute
acid is added to a metal
carbonate

® how the test for carbon
dioxide gas works

B what happens in the thermal
decomposition of metal
carbonates

B some uses of limestone.
- =

Figure 1 Limestone, made up mainly of
calcium carbonate, is attacked and
damaged by acids

Did you know ... ?

Sculptures from the Parthenon
(a temple), built by the ancient
Greeks in Athens, have had to
be removed and replaced by
copies to avoid any more
damage from acid pollution
from vehicle exhausts.

RM.DL.BOOKS GROUPS
Metals

Metal carbonates

Buildings and statues made of limestone suffer badly from damage by acid
rain. You might have noticed statues where the fine features have been lost.
Limestone, which is quarried from the ground, is mostly calcium carbonate.
This reacts with acid, giving off carbon dioxide gas in the reaction.

Metal carbonates react with acids to give a salt, water, and carbon dioxide.
For calcium carbonate the reaction with hydrochloric acid is:

carbon
dioxide

calcium
chloride

calcium
carbonate

hydrochloric

. water
acid

The balanced symbol equation, including state symbols, is:
CaCO,(s) + 2HCl(aq) — CaCl,(aq) + H,0(l) + CO,(g)

Powdered limestone is used to raise the pH of acidic soils or lakes affected
by acid rain, making use of the reaction between calcium carbonate and
acid.

Testing for carbon dioxide

You can use a simple test to verify that the gas given off is carbon dioxide.

Carbon dioxide tums limewater solution cloudy. The test works as follows:

B Limewater is a solution of calcium hydroxide. It is alkaline.

B Carbon dioxide is a weakly acidic gas so it reacts with the alkaline
limewater.

B |n this reaction tiny solid particles of insoluble calcium carbonate are formed
as a precipitate.

B The reaction is:

calcium hydroxide + carbon dioxide — calcium carbonate + water

(limewater) (an insoluble
white precipitate)
Ca(OH),(aq) + CO,(9) - CaCO,(s) + H,0())

B This precipitate of calcium carbonate makes the limewater turn cloudy. This
is because light can no longer pass through the solution with the particles of
white solid calcium carbonate suspended in it.

Acid plus metal carbonates |

Set up the apparatus as ’ 7

shown.

Dilute ; NN
Try the test with some other Qgiddrochlaruf A
carbonates, such as those \ QXU
of magnesium, copper, A Cakiom
zinc, and sodium. 77 carbonate

Record your observations. N
B What conclusion can you draw?

eahw: Wear eye protection. Some of the chemicals are harmful. )
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Metal carbonates

Thermal decomposition of carbonates

The calcium carbonate in limestone decomposes when it is heated. The
reaction produces calcium oxide and carbon dioxide:

CaCO,(s) - CaOfs) + CO,(9)
(lime or quicklime)
This reaction takes place in industry in a lime kiln. The calcium oxide made can
be reacted with water to make a cheap alkali, calcium hydroxide. The thermal
decomposition reaction shown above is also important when limestone is used
in making cement and glass, as well as in the extraction of iron in a blast fumace.

So do other metal carbonates also decompose when heated?

Investigating carbonates l

You can investigate the thermal decomposition of carbonates by heating

samples in a Bunsen flame. You will have samples of the carbonates listed

below.

Powdered carbonate samples: sodium carbonate, potassium carbonate,

calcium carbonate, magnesium carbonate, zinc carbonate, copper carbonate

B \What observations might tell you if a sample decomposes when you heat
it?

B How could you test any gas given off?

e ) . Figure 2 The thermal decomposition of
Safety: It is important to remove the delivery tube from the limewater before copper(it) carbonate

you stop heating the carbonate. If you don't, the cold limewater will be

‘sucked back’ into the hot boiling tube causing it to smash. .
You must wear eye protection when doing this practical. Key points

\Some chemicals will be harmful. P B Carbonalas react with dilute
acid to form a salt, water, and
Investigations like this show that many metal carbonates decompose when they carbon dioxide.

are heated in a Bunsen flame. They form the metal oxide and carbon dioxide — just
as calcium carbonate does. Sodium and potassium carbonate do not decompose
at the temperature of the Bunsen flame. They need a higher temperature.

B Limewater turns cloudy in the
test for carbon dioxide gas.
A precipitate of insoluble

Magnesium carbonate decomposes like this: calcium carbonate causes

MgCO,(s) - MgQO(s) + CO,(g) the cloudiness.

. B Metal carbonates
Summary questions decompose on heating to
1 Give a general word equation for: form the metal oxide and

carbon dioxide.

a the reaction of a metal carbonate plus an acid,
= Limestone, containing

b the thermal decomposition of a metal carbonate. mainly calcium carbonate

2 Write a word equation plus a balanced symbol equation, including state (CaCO,), is quarried and
symbols, for the reaction of sodium carbonate powder with dilute can be used as a building
hydrochloric acid. material, or powdered and

used to control acidity in the
soil. It can also be used in
the manufacture of cement,

3 Copper(u) carbonate, CuCO,, undergoes thermal decomposition. Write
the balanced symbol equation, including state symbols, for this reaction.

4 Write the balanced symbol equation for the reaction of copper carbonate glass, and iron, as well as
with dilute nitric acid. producing calcium oxide
Q Explain in detail why limewater tums cloudy in the test for carbon dioxide. / L (lime) when heated. J

_——
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1

Chapter summary questions

1 Imagine that a new metal, given the symbol X, has been 4 Choose from this list to name the metal described in ato e.

discovered. It lies between calcium and magnesium in
the reactivity series.

a Describe its reaction when heated in steam and give a
word equation and a balanced symbol equation,
including state symbols. (Metal X forms 2+ ions.)

b Describe the reaction of X with dilute sulfuric acid and
give word and symbol equations.

¢ Why can't you be sure how X will react with cold
water?

d X is added to a solution of copper(i1) nitrate.

i Explain what you would expect to see happen,
including a balanced symbol equation with state
symbols.

ii Write an ionic equation showing what happens in
the change.

iii Explain which species is oxidised and which is
reduced, using ionic half equations.

e Another new metal, Y, does not react with water or
steam, but there is a slight reaction with warm dilute
acid.

i Where would you place metal Y in the reactivity
series?

ii Explain what you would expect to happen if metal Y
was added to magnesium sulfate solution.

Decide which of the pairs below will react. If they do
react, complete the word equations and balanced symbol
equations, including state symbols:

a zinc + copper(i) oxide
b iron + zinc nitrate
c iron + magnesium oxide

d magnesium + copper(u) sulfate

The reaction between aluminium powder and iron(m1)
oxide is used in the rail industry.

a i Write a word equation and a balanced symbol
equation for the reaction that takes place.
ii What is the name for this type of reaction?

b Compare the reaction described above with the
reaction you would expect to see between powdered
aluminium and copper(i1) oxide.

¢ Predict what would happen if you heated a mixture of
aluminium oxide and iron.

d Explain why the uses of aluminium metal are surprising
given its position in the reactivity series.

chromium
gold
aluminium
copper
magnesium

a A precious metal, often alloyed with copper to make it
more hard-wearing.

b A metal that is alloyed with nickel and iron in stainless
steel.

¢ Alow density metal used to make alloys for the aircraft
industry.

d A metal that is extracted from its solution using scrap
iron.

e A metal that reacts very slowly with cold water but
reacts vigorously when heated in steam, forming a
white basic oxide.

—




RM.DL.BOOKS GROUPS

Practice questions

1 One way to compare the reactivities of metals is to add

them to acids. Some students added samples of five
metals to separate tubes containing dilute hydrochloric
acid. The teacher provided the metal labelled X. The
amount of metal was the same in each experiment.

a To make the comparison fair, some other factors
should be the same in each experiment.
i State two properties/factors applying to the acid

that should be the same. 2)
ii State one other factor applying to the metal that
should be the same. (1)

b The students recorded their observations in a table.

Metal Observation
copper nothing happened
iron very few bubbles
magnesium very large numbers of bubbles
X very few bubbles
zinc quite a lot of bubbles

i Which metal in the table is the most reactive? (1)
ii Why is it not possible to deduce that iron is the least
reactive metal in the table? (1)

¢ The teacher suggested that a better method to
compare the reactivities of the metals is to see how
long it takes to collect a certain volume of the gas
formed.

Name two pieces of apparatus needed in the
suggested method. 2)

2 The reactivities of metals can be compared by using
displacement reactions.

a A more reactive metal will displace a less reactive
metal from its salt in solution. An equation for a
displacement reaction is:

zinc + copper(1) sulfate — zinc sulfate + copper

Write a symbol equation for this reaction. (2)
b The equation for another displacement reaction is:

Fe + CuCl, — FeCl, + Cu

Write the simplest ionic equation for this reaction. (1)

¢ The reaction in b is a redox reaction.

i State the meaning of the term ‘redox’. (1)
ii State and explain, in terms of redox and electrons,
what happens to the iron in this reaction. (2)




Chapter 5 Electrolysis

The word electrolysis means ‘breaking down using electricity’. In electrolysis,
an electric current is used to break down an ionic substance. The substance
that is broken down by electrolysis is called the electrolyte.

Learning objectives

After this topic, you should
know:

® what happens in electrolysis

To set up an electrical circuit for electrolysis, there are two electrodes which dip
into the electrolyte. The electrodes are conducting rods. One of these is
connected to the positive terminal of a power supply. This positive electrode is

® the type of substances that called the anode. The other electrode is connected to the negative terminal
can be electrolysed and is called the cathode.
® the products of electrolysis. The electrodes are often made of an unreactive (or inert) substance. This is

often graphite or sometimes platinum. This is so the electrodes do not react
with the electrolyte or the products made in electrolysis.

During electrolysis, positively charged ions move to the cathode (negative
electrode). At the same time, the negative ions move to the anode
(positive electrode).

When the ions reach the electrodes they lose their charge and become
elements. Gases may be given off or metals deposited at the electrodes. This
depends on the compound used and whether it is molten or dissolved in water.

Demonstration

The electrolysis of molten lead
bromide

B This demonstration needs a fume Bromine
cupboard because bromine is toxic 925
and corrosive.

B When does the bulb light up?

B What is observed at each
electrode?

Figure 2 Passing electricity through molten

Figure 1 The first person to explain lead bromide. It forms molten lead and brown  \oen joag
; : bromine gas as the electrolyte is broken down :
lectrol! Michael Faraday. Hi g 4
electrolysis was Michael Faraday. He by the alectricity. bromide Heat

worked on this and many other problems

i clelice-naary 200 years ago. Safety: Warn asthmatics. Wear chemical splashproof eye protection. Lead

kbromide and bromine are toxic. j

Figure 2 above shows how electricity breaks down lead bromide into lead and
bromine. The reaction that is happening is:

lead bromide — lead + bromine
PbBr() — Pb(l) + Br,g)
Lead bromide is an ionic substance. lonic substances do not conduct
electricity when they are solid as their ions are in fixed positions in their giant
lattice. But once they are melted, the ions are free to move around within the
liquid and carry their charge towards the electrodes.
The positive lead ions (Pb?**) move towards the cathode (negative electrode).

At the same time, the negatively charged bromide ions (Br-) move towards the
anode (positive electrode).

—
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Notice the state symbols in the equation. They tell us that the lead bromide and
the lead are molten at the temperature in the dish. The bromine is given off as a
gas.

Electrolysis of solutions

Many ionic substances have very high melting points so it takes a lot of energy
to melt them and free the ions to move to electrodes in electrolysis. However,
some ionic substances dissolve in water and when this happens the ions also
become free to move around.

When electrolysing ionic compounds in solution, and not as molten
compounds, it is more difficult to predict what will be formed. This is because
water also forms ions so the products at each electrode are not always exactly
what you would expect (see Topic 5.2 Changes at the electrodes). Only metals
of very low reactivity, below hydrogen in the reactivity series, are deposited
from their aqueous solutions in electrolysis.

When you electrolyse an aqueous solution of copper(i1) bromide, copper ions
(Cu?*) move to the cathode (negative electrode). The bromide ions (Br) move
to the anode (positive electrode). Copper(i1) bromide is split into its elements at
the electrodes (see Figure 3):

copper(i) bromide — copper + bromine
CuBr,(aq) — Cu(s) + Br,aq)

The state symbols in the equation tell us that the copper bromide is dissolved
in water, the copper is formed as a solid, and the bromine formed dissolves in
the water.

Covalent compounds cannot usually be electrolysed unless they react (or
ionise) in water to form ions. For example, acids in water always contain H*(aq)
ions plus negatively charged aqueous ions.

Summary questions
1 a What is electrolysis?

b What is the name of the substance broken down by electrolysis?
¢ What type of bonding is present in compounds that can be
electrolysed?

2 Predict the products formed at the cathode and anode when the
following compounds are melted and then electrolysed:
a zinc iodide d sodium oxide
b lithium bromide e potassium chloride
¢ iron(m) fluoride

3 Write a balanced symbol equation, including state symbols, for the
electrolytic decomposition of molten sodium chloride.

4 a Which of the following solutions would deposit a metal at the cathode
during electrolysis?

KBr(aq), CaCl,(aq), FeBr,(aq), CuCl,(aq), Na,SO (aq), AGNO, (aq)
b How did you decide on your answer to part a?

5 Solid ionic substances do not conduct electricity. Using words and
diagrams, explain why they conduct electricity when molten or in
\ aqueous solution, but not when solid. )

——————————————————————————— e

QD links

Remind yourself of the relative
reactivity of metals and hydrogen
in 4.3 ‘The reactivity series’ and
4.4 'Displacement reactions’.

D links

For more infarmation about the
effect of water in electrolysis,

see 5.2 ‘Changes at the electrodes’
and 5.4 ‘Electrolysis of brine’.

Bromine : Copper

Copper bromide
solution

Figure 3 If we dissolve copper bromide
in water, we can decompose it by
electrolysis. Copper metal is formed at the
cathode (negative electrode). Brown
bromine appears in solution around the
anode (positive electrode).

Key points

B Electrolysis breaks down a
substance using electricity.

B |onic compounds can only
be electrolysed when they
are molten or dissolved in
water. This is because their
ions are then free to move
and carry their charge to the
electrodes.

® |n electrolysis, positive
ions move to the cathode
(negative electrode) whilst
negative ions move to the

anode (positive electrode).
\_ .
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Learning objectives

After this topic, you should
know:

® what happens to the ions
during electrolysis

= how to represent what
happens at each electrode

B how water affects the
products of electrolysis.

7
ANODE CATHODE
Positive Negative
electrode electrode
(+) -)

Figure 1 Anion always moves towards
the oppositely charged electrode

DO links

For more information on reduction
and oxidation in terms of electron
transfer, look back to 4.4
‘Displacement reactions’.

‘ Oxidation and reduction .

reactions do not have to involve
oxygen. More generally they
involve the transfer of electrons.
Remember OILRIG - Oxidation

Is Loss (of electrons), Reduction
%:LS Gain (of electrons). _,,,af
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Electrolysis

Changes at the electrodes

During electrolysis, mobile ions move towards the electrodes. The direction
they move in depends on their charge. As you saw in Topic 5.1, positive ions
move towards the cathode (hegative electrode). Negative ions move towards
the anode (positive electrode).

When ions reach an electrode, they either lose or gain electrons, depending on
their charge.

Negatively charged ions lose electrons to become neutral atoms. Positively
charged ions gain electrons to become neutral atoms.

The easiest way to think about this is to look at an example.

Think back to the electrolysis of molten lead bromide. The lead ions (Pb?*)
move towards the negative electrode. When they get there, each ion gains two
electrons to become a neutral lead atom.

Gaining electrons is called reduction. You say that the lead ions are reduced.
‘Reduction’ is simply another way of saying ‘gaining electrons’.

The negatively charged bromide ions (Br-) move towards the positive
electrode. Once there, each ion loses its one extra electron to become a
neutral bromine atom. Two bromine atoms then form a covalent bond to make
a bromine molecule, Br,.

Losing electrons is called oxidation. You say that the bromide ions are
oxidised. ‘Oxidation’ is another way of saying ‘losing electrons’.

CATHODE
ANODE

T ““"“i P i
Br—

Br, molecule

Half equations
You can represent what is happening at each electrode using half equations.
At the cathode (negative electrode) you get reduction of a positive ion:
Pb? +2e~ — Pb
At the anode (positive electrode) you get oxidation of a negative ion:
2Br~ — Br, +2e”

Sometimes half equations at the anode can show the electrons being removed
from negative ions, like this:

2Br--2e — Br,

You can write the half equation for negative ions either way. They both show
the same oxidation of the negatively charged ions.

e ——
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The effect of water

In aqueous solutions, electrolysis is more complex because of the ions formed
by water as it ionises:

HO() = H'(aqg) + OH-(aq)
hydrogen ions hydroxide ions

There is a rule for working out what will happen. Remember that if two elements
can be produced at an electrode, the less reactive element will usually be

formed. In solutions, you will usually have positively charged metal ions and H*
ions (from water) attracted to the cathode (negative electrode).
@ K* ions stay in
Hydrogen is less reactive than potassium, so hydrogen @}/ suutien
is produced at the cathode rather than potassium. - @
At cathode (-): - : H* ions from H;0
@9/ are discharged at the
2H*(aq) + 2e~ — H,(g) @ negative electrode as

H, gas

Look at Figure 2. It shows what happens in the CATHODE
electrolysis of a solution of a potassium compound.

So what happens at the anode in the electrolysis of

aqueous solutions? /C @'i
aalll H*

Hydroxide ions, OH-(aq), from water are often discharged. S
When hydroxide ions are discharged, you see oxygen o @\@D i, makcule
gas given off at the anode (positive electrode).
At anode (+): Figure 2 Here is the cathode in the electrolysis of a solution of a
potassium compound. Hydrogen is less reactive than potassium, so
40H(aq) — 2H,0() + O,(g) + 4e hydrogen gas is given off at the electrode.

This happens unless the solution contains a reasonably high concentration of a
halide ion, that is, Group 7 ions, such as Cl-(aq). In this case, the halide ion is
discharged and the halogen is formed:

2CI(ag) — Cl(g) + 2e~

So the ‘order of discharge’ (starting with the easiest) at the anode is:

halide ion > hydroxide > all other negatively charged ions. Key points
Summary questions E |n electrolysis, the ions
move towards the oppositely
1 a i How do negatively charged ions become neutral atoms in charged electrodes.

electrolysis?
ii s this reduction or oxidation of the negatively charged ion?
b i How do positively charged ions become neutral atoms in
electrolysis?
ii Is this reduction or oxidation of the positively charged ion?

u At the electrodes, negative
ions are oxidised (at the
anode) whilst positive ions
are reduced (at the cathode).

B When electrolysis happens
in aqueous solution, the
less reactive element, either
hydrogen or the metal, is
usually produced at the

2 Predict what is formed at each electrode in the electrolysis of:
a molten lithium oxide
b copper chloride solution
¢ sodium sulfate solution.

3 Copy and balance the following half equations where necessary: cathode. At the anode,
aCl-C,+e e Ki+e =K you often get oxygen gas
b Br - Br,+e f H+e > H, given off from discharged
¢ Mg#+e — Mg g 0>—>0,+e hydroxide ions produced
\ d AfF+e — Al hOH - 0,+HO+e ) from water.
\. =
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Learning objectives

After this topic, you should

know:

® how aluminium is obtained
from aluminium oxide

= why cryolite is used in the
process

® what happens at each
electrode in the process.

Extracting aluminium from its ore

BAUXITE

Purified (aluminium oxide is
separated from the ore)

S

ALUMINIUM OXIDE

Extractedg (by electrolysis)

ALUMINIUM METAL

Figure 2 Extracting aluminium from its
ore. This process requires a lot of energy.
The energy is needed for melting and
electrolysing the oxide.

-
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The extraction of aluminium

You already know that aluminium is a very important metal. The uses of the
metal or its alloys include:

pans

overhead power cables

aeroplanes

cooking foil

drink cans

window and patio door frames

bicycle frames and car bodies.

Figure 1 Aluminium alloys have a low density but are very strong

Aluminium is quite a reactive metal. It is less reactive than magnesium but more
reactive than zinc or iron. Carbon is not reactive enough to use in its extraction
so you must use electrolysis. The compound electrolysed is aluminium oxide,
ALQO,.

Aluminium oxide is extracted from the ore called bauxite. The ore is mined by
open- cast mining. Bauxite contains mainly aluminium oxide. However, it is
mixed with other rocky impurities. So the first step is to separate aluminium
oxide from the ore. The impurities contain a lot of iron(u) oxide. This colours
the waste solution from the separation process rusty brown. The brown
wastewater has to be stored in large lagoons.

Electrolysis of aluminium oxide

To electrolyse the aluminium oxide it must first be melted. This enables the ions
to move to the electrodes.

Unfortunately aluminium oxide has a very high melting point of 2050°C.
However, chemists have found a way of saving at least some energy. This is
done by mixing the aluminium oxide with molten cryolite. Cryolite is another
ionic compound. The molten mixture can be electrolysed at about 850°C. The
electrical energy transferred to the electrolysis cells keeps the mixture molten
(see Figure 3).
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An aluminium plant _|_
uses the same
amount of electricity
as a small town

The lining of the cell is a
carbon negative electrode ™~

Molten aluminium —

The extraction of aluminium

Carbon positive electrode

Carbon dioxide gas
emitted from the anodes

Molten aluminium
oxide (dissolved in
molten cryolite)

Molten aluminium is
tapped or syphoned off
from the cell

Figure 3 A cell used in the extraction of aluminium by electrolysis

The overall reaction in the electrolysis cell is:

electrolysis
aluminium oxide ———>  aluminium + oxygen
2AL0,() — 4AI()  + 30,

At the cathodes (negative electrodes):

Each aluminium ion (AF*) gains three electrons. The ions turn into aluminium
atoms. We say that the APt ions are reduced (as they gain electrons) to form Al
atoms:

AB() + 3e- — Al()

The aluminium metal formed is molten at the temperature of the cell and
collects at the bottom. It is siphoned or tapped off.

At the anodes (positive electrodes):

Each oxide ion (0%) loses two electrons. The ions tum into oxygen atoms. We
say that the O% ions are oxidised (as they lose electrons) to form oxygen
atoms. These bond in pairs to form molecules of oxygen gas (O,):

20%(l) — O,(g) + 4e-
The oxygen reacts with the hot carbon anodes, making carbon dioxide gas:
C(s) + O,(g) — CO,(9)

So the carbon anodes gradually burn away. They need to be replaced in the
cells regularly.

Summary questions
1 a Explain why aluminium oxide must be molten for electrolysis to take

place.
b Why is aluminium oxide dissolved in molten cryolite in the extraction of
aluminium?

2 Why are the carbon anodes replaced regularly in the industrial
electrolysis of aluminium oxide?

3 a Write half equations for the changes at each electrode in the
electrolysis of molten aluminium oxide.
b Explain which ions are oxidised and which ions are reduced in the
electrolysis of molten aluminium oxide.

4 a Explain why the extraction of aluminium requires so much energy.
b Explain why aluminium metal was only discovered in the early 1800s
\ despite it being the most common metallic element in the Earth’s crust.)

?7? Did you know ...?

Recycling one aluminium can
can save enough energy to run
\ a TV for about 3 hours.

Key points

® Aluminium oxide, from the
ore bauxite, is electrolysed
in the manufacture of
aluminium metal.

B The aluminium oxide is mixed
with molten cryolite to lower
its melting point.

® Aluminium forms at the
cathode (negative electrode)
and oxygen forms at the
anode (positive electrode).

B The carbon anodes are
replaced regularly as they

gradually burn away.
\ _J
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Electrolysis of brine

The electrolysis of brine (concentrated sodium chloride solution) is a very
important industrial process. When an electric current is passed through brine
you get three products:

B Chlorine gas is produced at the anode (positive electrode).
B Hydrogen gas is produced at the cathode (negative electrode).
B Sodium hydroxide solution is also formed.

Learning objectives

After this topic, you should
know:

® what is produced when brine
is electrolysed

You can summarise the electrolysis of brine as:

= how these products are used.

electrolysis
sodium chloride 5 hydrogen E chlorine | sodium hydroxide
solution gas gas solution

At the anode (+):

The negative chloride ions (CI-) are attracted to the positive electrode. When
they get there, they each lose one electron. The chloride ions are oxidised, as
they lose electrons. The chlorine atoms bond together in pairs and are given off
as chlorine gas (Cl,). The half equation at the anode is:

2Cl(ag) — Cl,(g) + 2e"
[This can also be written as: 2Cl-(aq) — 2e~ — Cl,(g)]

At the cathode (-):
There are H' ions in brine, formed when water breaks down:
H,O(l) = H*(aq) + OH"(aq)

These positive hydrogen ions are attracted to the negative electrode. The
sodium ions (Na*) are also attracted to the same electrode. But remember in
Topic 5.2, you saw what happens when two different ions are attracted to an
electrode. It is the less reactive element that gets discharged. In this case,
hydrogen ions are discharged and sodium ions stay in solution.

When the H* ions get to the negative electrode, they each gain one electron.
The hydrogen ions are reduced, as they each gain an electron. The hydrogen
atoms formed bond together in pairs and are given off as hydrogen gas (H,).
The half equation at the cathode is:
_ 2H*(aq) + 2e"— H,(g)
Chlonmi gas out Hydmgep gas out

Sodium | The remaining solution:
chloride > |_— Porous
solution in / membrane You can test the solution around the cathode (negative
= electrode) with indicator. It shows that the solution is
Sodium alkaline. This is because you can think of brine as
hydroxide containing aqueous ions of Na® and CI- (from salt)
F »solutionout  and H+ and OH- (from water). The Cl-(aq) and H*(aq)
Positive Negatve  jons are removed during electrolysis. So this leaves a
elec{tic))de ele{c_t;ode solution containing Na‘(aq) and OH-(aq) ions, that is,

. ; ) o a solution of sodium hydroxide, NaOH(aq).
Figure 1 In industry, brine can be electrolysed in a cell in which the two

electrodes are separated by a porous membrane. This is called a Look at the way brine is electrolysed in industry in
digphragm cell. Figure 1.

-—
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I Electrolysing brine in the lab Chloﬁn;s;:\ Hydrogen gas l

Turn off the electricity once the tubes Sl

are nearly full of gas to avoid inhaling chloride

chlorine gas (toxic). o | solution 3

B How can you positively test for the
gases collected?

Test the solution near the cathode
(negative electrode) with universal
indicator solution.

B \What does the indicator tell us?

Safety: Wear eye protection. Do not
smell the gas.

aman rod Carbon rom

as positive as negative
electrode (+)  electrode ()

G

Using chlorine

J

You can react chlorine with the sodium hydroxide produced in the electrolysis
of brine. This makes a solution of bleach. Bleach is very good at killing
bacteria.

Chlorine is also important in making many other disinfectants, as well as
plastics such as PVC.

Using hydrogen

The hydrogen made by electrolysing brine is particularly pure. This makes it
very useful in the food industry. Margarine is made by reacting hydrogen with
vegetable oils.

D links
For information about what
happens when two ions are
attracted to an electrode, look back
to 5.2 ‘Changes at the electrodes’.

Electrolysis of brine

Figure 2 The chlorine made when we

electrolyse brine is used to kill bacteria in

Using sodium hydroxide

The sodium hydroxide from the electrolysis of brine is an important alkali in
industry. It is used to make soap and paper, as well as bleach (see above).

drinking water, and also in swimming
pools

Key points

When brine is electrolysed,
three products are formed -
chlorine gas, hydrogen

gas, and sodium hydroxide
solution (an alkali).

Chlorine is used to make
bleach, which Kills bacteria,
and to make plastics.

Hydrogen is used to make
margarine.

]
Summary questions
1 a What are the three products made when brine is electrolysed?
b What are they used for?
]
2 For the electrolysis of brine, write half equations, including state
symbols, for the reactions:
a at the anode
b at the cathode. =
3 It is also possible to electrolyse molten sodium chloride.
a Compare the products formed with those from the electrolysis of [
sodium chloride solution.
b Explain any differences.
& p y ) L

Sodium hydroxide is used
to make bleach, paper, and
soap.

J
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Electroplating

After this topic, you should
know:

® why objects are electroplated

® how to electroplate a metal
object.

. \ Vi
Figure 1 Chromium-plated objects look
very shiny and attractive. The chromium

layer does not corrode away so it protects
the steel beneath from rusting.

Figure 2 So-called ‘tin’ cans actually
contain very little tin. The layer on the
steel can be only a few thousandths of a
millimetre thick! The tin keeps air and
water away from the iron in steel and
stops it rusting — at least until the tin gets
scratched! Tin is quite a soft metal, unlike
chromium.

Most of us will use an electroplated object at some time each day. You might
use a chromium-plated kettle to boil water or ride a bicycle with chromium-
plated handlebars. You could open a tin-plated steel can for a meal or put on
some gold- or silver-plated jewellery.

An electroplated object is coated with a thin layer of metal by electrolysis.

Why are objects electroplated?

There can be different reasons why scientists electroplate objects. These include:

u to protect the metal beneath from corroding

B to make the object look more attractive

B to increase the hardness of a surface and its resistance to scratching

B to save money by using a thin layer of a precious metal instead of the pure
expensive metal. This also helps people who are allergic to nickel — a metal
often used to make cheap jewellery.

Electroplating saves money by making cheaper jewellery. However, using
electroplating to protect large metal surfaces against rusting and damage makes
things more expensive. In the long term, though, this can still make economic
sense for some objects because they don’t have to be replaced so often.

Electroplating a metal object

You can try to zinc-plate some copper foil in the experiment below.

| Zinc-plating copper metal l

Your teacher will melt some wax in a metal tray. Using tongs you can dip in
a cleaned piece of copper foil.

Let the wax set. Then scratch a simple design in the wax. You want the
design to be plated with zinc so get this area as free from wax as possible.

Set up the apparatus as shown in the
diagram. The zinc-plating solution is made by
adding 30cm? of 0.4 mol/dm?® sodium
hydroxide solution to 5cm?® of 0.1 mol/dm?
zinc sulfate solution and stirring. Using a small

current for a long time will giv t results.
e along time give bestres Zinc anode
Copper to
be plated
Zinc-plating
solution

When you have finished, rinse the copper
foil in water, dry, then scrape off the rest of
the wax.

B What happens at the negative electrode?

Safety: Wear gloves and eye protection.
\Sodium hydroxide solution is an irritant. )

o
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‘ Explaining the zinc-plating experiment

The metal object to be plated (the copper foil in this case) is used as the
cathode (negative electrode). The anode (positive electrode) is made from the
plating metal (in this case zinc). The electrolysis takes place in a solution
containing ions of the plating metal. In the previous experiment you used zinc
ions in the solution.

At the anode (+) made of the plating metal:

Zinc atoms in the electrode are oxidised. They lose two electrons each and
form zinc (Zn?) ions which leave the anode and go into the solution. The half
equation is:

Zn(s) — Zn*(aq) + 2e”

At the cathode (-) to be plated:

Zinc ions (Zn?*) from the solution are reduced. They gain two electrons and ’_)1)_ Did you know ... ?
form zinc atoms which are deposited on the copper cathode. The half
equation is: It is not only metal objects that
can be electroplated. Scientists
can now electroplate plastic
objects as well. The object to
Copper plating be plated is first coated in a
‘paint’ containing tiny particles
of graphite. Once dry, the
object has a layer of graphite
At the anode (positive electrode): Cu(s) — Cu?*(aq) + 2e - that will conduct electricity. It
can then be electroplated.

Zn*(aq) + 2e” — Zn(s)

Here are the half equations at each electrode if an object is electroplated by
copper:

At the cathode (negative electrode) to be plated:  Cu?"(aqg) + 2e- — Cu(s)

The electrolyte used contains copper(n) ions, such as a solution of copper(u)
sulfate.

Summary questions
1 Name four metals that are used to electroplate objects.

2 List the reasons why objects get electroplated.
3 Look at the experiment described in the Practical box on the previous -
a Where are zinc atoms oxidised? :
b What is formed when zinc atoms are oxidised? - Ob-jects can bE_’ electroplated
to improve their appearance,
4 Draw a simple electrical circuit that could be used to copper-plate a steel to protect their surface, and
ball. to use smaller amounts of
5 In making ‘chrome’ objects, chromium metal is used to electroplate a precious metals.
steel object. The steel is first electroplated with nickel because chromium ® The object to be
does not stick well on steel. electroplated is made the
a Give the half equation at the cathode for the nickel-plating process. cathode (negative electrode)
Include state symbols in your answer. in an electrolysis cell. The
(The formula of a nickel ion is Ni*".) plating metal is made the
b Give the half equation at the cathode for the chromium-plating anode (positive electrode).
process, including state symbols. The electrolyte contains ions
\ (The formula of a chromium ion is Cré+) ) ; of the plating metal. )
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Electrolysing copper

sulfate solution

s 5 = You have now seen how electrolysis can be used to extract highly reactive
Learmng Oble‘:t'ves metals, like aluminium. The other uses of electrolysis, such as electroplating,
depend on electrodes which react — active electrodes.

After this topic, you should
know: In some of the experiments in this chapter, you have used carbon electrodes. These

are called ‘inert’ electrodes. They take no part in the electrolysis. The hot carbon
electrodes in the electrolysis electrodes just carry electrons to and from the electrolyte. (Note that carbon

of copper(u) sulfate solution electrodes can react with oxygen produced at an anode, forming carbon dioxide
using inert and active gas, as in the extraction of aluminium - see Topic 5.3 The extraction of aluminium.)

® what happens at the

electrodes However, some metal electrodes do take part in electrolysis. These are called
active electrodes. Let’s look at copper as an example of an active electrode.
You will electrolyse copper sulfate solution.

u the half equations at the
electrodes in the electrolysis
of copper(u) sulfate solution

Required practical
® how to investigate the
Investigate the electrolysis of

electrolysis of copper(in)
sulfate solution. copper sulfate solution 1 4
[

\. J/ with graphite and copper
electrodes

Make sure your copper (X)
electrodes are clean and shiny. 4 —

Use a pencil to mark one

electrode + and the other —. k-
Weigh them with an accurate
bt Copperanode |

alance. e s Copper

: thode
Set up the apparatus as shown in — C:aim
Figure 1. Copper " mass
® What do you observe? sulfate —_
solution

After 10 minutes, rinse the Figure 1 The electrolysis of copper(u) sulfate
electrodes with distilled water. solution with copper electrodes

Dry them by dipping them in propanone
and letting it evaporate. |4V

Re-weigh the electrodes when
they are dry.
B What do you find?

B Why would it be a good idea to
repeat your experiment?

Now carry out the electrolysis of
copper sulfate solution, but this

. . er
time using carbon electrodes. Sonp

sulfate

solution 4 "
Figure 2 The electrolysis of copperu) sulfate
solution with carbon electrodes

® What difference do you notice at
the anode (positive electrode)?

Safety: Wear eye protection.
\Propanone is flammable. )

R —
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Electrofysing copper sulfate solution

When copper sulfate solution is electrolysed using copper electrodes, the mass
of both electrodes changes. Remember that metals are always formed at the
cathode (negative electrode). So not surprisingly, the cathode gets heavier.

The strange thing is that the anode loses mass. The copper anode is an active
electrode. You will find that:

loss in mass of active electrode _ gain in mass of active electrode
at the anode at the cathode

Comparing inert and active electrodes
Let's compare the half equations at each electrode in the electrolysis of copper
sulfate solution using carbon and copper electrodes:

Table 1 Comparing the reactions at the cathode and anode in the electrolysis of copper(:1) sulfate solution using

different electrodes
Carbon electrodes Copper electrodes
At the cathode (-) Cu?*fag) + 26~ ——>  Cufs) Cu?*(ag) + 2= ——> Cu(s)
the reactions are the same
At the anode (+) 40H(aq) — 2H,0() + 05(g) + 4e~ Cu(s) R Cu®*(ag) + 2e~
Oxygen gas is given off. No oxygen is seen.
Copper atoms on the anode
lose 2 electrons and enter the
solution as Cu2* ions.

The copper anode is an active electrode. As copper atoms form on the
cathode, copper atoms are lost from the anode. As copper ions leave the
solution at the cathode, they are replaced in the solution at the anode.

.’)? Did you know ... ?

Copper electrodes are used in
a solution of copper(mn) ions to

Copper ions, Cu?(aq), make copper sulfate solution blue. purify copper. The impurities

B What do you think would happen to the colour of the copper sulfate solution that collect as sludge at the
using carbon electrodes? bottom of the electrolysis cells
B Why won't the blue colour fade using copper electrodes? contain the precious metals

\iilver and gold. )

Key points

B The electrolysis of copper(i)
sulfate solution using copper
electrodes results in the

Summary questions copper anode (+) losing the
th
1 Draw atable to compare the observations made at each electrode when sathoib il sy idied

copper(n) sulfate is electrolysed using copper electrodes and using catbedel galne.

carbon electrodes. ¥ [n the electrolysis of copper
(11) sulfate solution using
carbon electrodes, copper is
still deposited at the cathode

2 Explain why the copper electrodes in the practical in this topic are called
‘active’ electrodes whereas the carbon electrodes are called ‘inert’

electrodes.
(-). However, at the anode
3 a Write the half equations for the changes at each electrode in the (+) oxygen gas is given off
electrolysis of copper(u) sulfate using copper electrodes. from hydroxide ions that
b Explain in terms of oxidation and reduction the changes that occur at come from the water in the
\ each electrode in part a. ) copper(i) sulfate solution.
\_ J
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Electrolysis

Chapter summary questions

1 Select A or B to describe correctly the anode and
cathode in electrolysis for statements a-f.

A Anode (+) B Cathode (-)

a Positive ions move towards this.

b Oxidation happens here.

¢ This is connected to the negative terminal of the power
supply.

d This is connected to the positive terminal of the power
supply.

e Reduction happens here.

f Negative ions move towards this.

2 a Which of the following ions would move towards the
anode (+) and which towards the cathode (=) during
electrolysis?

potassium iodide calcium fluoride
oxide magnesium aluminium bromide

b Write a half equation for the discharge of:
i magnesium ions
ii bromide ions.

3 The diagram shows the electrolysis of sodium chloride
solution in the laboratory.

A B

x X

( 'LA\
+ Carbon rod Carbonrod _

as positive as negative
electrode (+)  electrode (-)

a ldentify the products A, B, and C on the diagram.
b Give two uses for substance A.

¢ What would be the pH of the solution around the
cathode?

d How would you carry out a positive test on product B?

e Write the half equations, including state symbols, for
the changes at the anode and cathode.

4 Water can be slightly acidified and broken down into

hydrogen and oxygen using electrolysis. The word
equation for this reaction is:

water — hydrogen + oxygen

a Write a balanced symbol equation for this reaction,
including state symbols.

b In water, a small percentage of molecules ionise

(split up). Write a balanced symbol equation, including
state symbols, for the ionisation of water molecules.

¢ Write half equations to show what happens at the
positive and negative electrodes in the electrolysis of
water.

d Where does the energy needed to split water into
hydrogen and oxygen come from during electrolysis?

Copy and complete the following half equations:
alLi*—Li

b Sr** — Sr

c F—F,

d 0> -0,

Electrolysis can be used to produce a thin layer of metal
on the surface of a metal object.

Using words and diagrams, describe how you would
cover a small piece of iron with tin using an electrolyte
of tin(u) nitrate. Make sure that you write down the half
equations that describe the changes at the anode and
cathode, and include the words ‘oxidation’ and
‘reduction’.

7 A student half-filled two small beakers with copper(i)

sulfate solution and labelled them A and B. He
electrolysed solution A using copper electrodes, and
solution B using carbon electrodes.

a Describe what would happen at each electrode in each
of the solutions.

b Write the half equations at each electrode in:
i beaker A
ii beaker B.

¢ If the electrolysis cells were left running for long
enough, eventually the current would stop in both
circuits.

Explain why the current stops in each of the two
beakers.
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Practice questions

1 The diagram shows apparatus for the electrolysis of lead 3 The electrolysis of sodium chloride solution is used to
bromide. manufacture hydrogen and chlorine.
a Why is the H* ion discharged in preference to
Bulb the Na* ion at the cathode? (1)
b Why is the Cl-ion discharged in preference to the
OH-ion at the anode? (1)
Anode Cathode ) o
¢ Name the solution formed in this process. (1)
Splid ioxdl Braming d i State one use for the hydrogen formed. (1)
ii State one use for the chlorine formed. (1)

When the lead bromide is heated, it melts and

observations can be recorded. 4 Objects can be electroplated. For example, a copper

spoon can be plated with nickel.
a A brown gas is seen at the anode. Name this gas

and write a symbol equation for its formation. (3) ai What ShQUId F’e used as the anode and
‘ cathode in this process? (1)
b Silvery globules are seen at the cathode. Name ii Suggest the name of a solution that could be
the substance in the globules and write a symbol used as the electrolyte. (1)
equation for its formation. @) iii Write the half equation for the reaction at the
¢ The bulb does not light until the lead bromide is anode. (1)
molten. What h‘ap‘pens in the connecting wires b Suggest one physical property of an object that
when the bulbis it? (1) would change when it is electroplated. (1)
d Why does no electrolysis occur until the lead ¢ Objects made of plastic can be electroplated.
bromide has melted? (1) Why are they coated with graphite before they
e Why is the reaction at the cathode described as are electroplated? (1)
reduction? (1)

5 Aluminium is made by the electrolysis of aluminium
2 A student used the following apparatus to electrolyse oxide.

dilute sulfuric acid. Aluminium oxide is an ionic compound containing

Gases collected aluminium ions (AlI**) and oxide ions (0%).
The diagram below shows the apparatus used to
Dilute sulfuric acid electrolyse aluminium oxide.
Molten
| @ | aluminium
o oxide
{dissolved
in molten
cryolite)
a What is the formula of the only positive ion in dilute Molten
sulfuric acid? (1) aluminium
; ; : - \ is tapped or
b Write the equation for the reaction of the OH- ion The lining of the Molten syphoned
that occurs at the anode. 2) cell is a carbon aluminium off from the
¢ Which ion in dilute sulfuric acid is attracted to an e ol
electrode but is not discharged? (1) Use information in the diagram and your knowledge
d Predict what happens to the concentration of the and understanding of this extraction to explain, as
sulfuric acid as electrolysis occurs. 1) fully as you can, how aluminium and carbon dioxide
are formed in this process. (6)

e Why is the volume of hydrogen gas collected
approximately double the volume of the oxygen
gas? (1)

< oal




Learning objectives

After this topic, you should
know:

® what a mixture is

® how to separate the
components in a range of
mixtures by:

- filtration
- distillation
- crystallisation.
J
Filter "
paper Sand
(the residue)
Filter
funnel
Salt solution
(the filtrate)

Figure 1 Filtering a mixture of sand, salt,
and water in the lab

Figure 2 Filtering in the home - some
peopile like filter coffee made from
ground-up coffee beans. The solid bits
that are insoluble in water get left on filter
paper as a residue.

Chapter 6 Chemical analysis

Separating mixtures

When analytical chemists are given an unknown sample to identify, it is often a
mixture of different substances.

A mixture is made up of two or more elements or compounds which are
not chemically combined together.

Mixtures are different to chemical compounds. Look at the table below:

Compounds Mixtures

Compounds have a fixed composition
(the ratio of elements present is always
the same in any particular compound).

Mixtures have no fixed composition (the
proportions vary depending on the
amount of each substance mixed
together).

Need chemical reactions to separate the
elements in a compound.

The different elements or compounds in
a mixture can be separated again more
easily (by physical means using the
differences in properties of each
substance in the mixture).

There are no chemical bonds between
atomns of the different substances in a
mixture.

There are chemical bonds between
atoms of the different elements in the
compound.

Before the substances in a mixture are identified, they are separated from each
other. As it states in the table, scientists can use physical means to achieve the
separation. The techniques available include:

| filtration

B crystallisation

B distillation

B chromatography (see Topic 6.2).

These techniques all rely on differences in the physical properties of the
substances in the mixture, such as solubilities or boiling points.

Filtration

This technique is used to separate substances that are insoluble in a particular
solvent from those that are soluble. For example, you have probably previously
tried to separate a mixture of sand and salt (sodium chloride) in science
lessons (see Figure 1).

The sand collected on the filter paper can be washed with distilled water
(to remove any salt left in solution on it) and dried in a warm oven to obtain the
pure sand.

Crystallisation

To obtain a sample of pure salt from the sand/salt mixture, following filtration,
you would need to get the sodium chloride from the solution in water (called
the filtrate). The water is evaporated from the sodium chloride solution by
heating in an evaporating dish on a water bath. The water bath is a gentler way
of heating than heating the evaporating dish directly on a tripod and gauze.
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Heating should be stopped when the solution is at the point of crystallisation,
that is, when small crystals first appear around the edge of the solution or when
crystals appear in a drop of solution extracted from the dish with a glass rod.
Look at Figure 3. The rest of the water is then left to evaporate off the saturated
solution at room temperature to get a good sample of crystals. A flat-bottomed
crystallisation dish or Petri dish can be used for this final step to give alarge
surface area for the water to evaporate from.

Distillation

Crystallisation separates a soluble solid from a solvent but sometimes people
need to collect the solvent itself instead of just letting it evaporate off into the
air. For example, some countries with a lack of freshwater sources purify
seawater to obtain usable water. Distillation allows us to do this.

In distillation a solution is heated and boiled to evaporate the solvent. The
vapour given off is then cooled and condensed back into a liquid for collection
(see Figure 4). The dissolved solids remain in the heated flask.

Distillation can also be used to separate mixtures of miscible liquids, such as
ethanol and water. Miscible refers to liquids that dissolve in each other - they
do not form separate layers as in immiscible liquids. The liquids will have
different boiling points, so this property can be used to distil off and collect the
liquid with the lowest boiling point first.

However, it is difficult to get pure liquids
from mixtures of liquids by simple
distillation, as vapour is given off from
liquids before they actually reach their
boiling point. This is especially the case
where the liquids in the mixture have
similar boiling points. So to aid separation
you can add a fractionating column to the
apparatus in Figure 4. This is usually a tall
glass column filled with glass beads, fitted
vertically on top of the flask being heated.
The vapours must pass over and between
the glass beads before they reach the
condenser. The substance with the higher
boiling point will condense more readily
on the glass beads and drop back down
into the flask beneath.

Salt solution

XXX XXX XK XXX

LS

Heat

Separating mixtures

Salt solution

Water

AXXX XX XX XXX

)
Heat

Figure 3 Crystallising sodium chloride
from its solution in water

O links

To see crystallisation in action,

see 7.2 ‘Making salts from metals
or insoluble bases’ and 7.3 ‘Making
salts by neutralisation and
precipitation’.

Simple distillation

Thermometer

Water out

/

Condenser

/

Water in

Pure water

Figure 4 Distilling pure water from a salt solution

Summary questions Key points
1 Define what a mixture is.

2
3

A mixture has ‘no fixed composition’. What does this mean?

a Draw the apparatus you could use to separate ethanol and water.
b Explain why you would be able to collect a more pure sample of
ethanol using this apparatus than by using simple distillation.

Sulfur is soluble in the flammable liquid xylene but not in water. Sodium
nitrate is soluble in water but not in xylene.
Describe two ways to separate a mixture of sulfur powder and sodium

\ nitrate to collect pure samples of each solid.

o

B A mixture is made up of
two or more elements or
compounds which are
not chemically combined
together.

B Mixtures can be separated
by physical means, such as
filtration, crystallisation, and
distillation.

o
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Learning objectives

After this topic, you should
know:

® how chromatography can
be used to distinguish pure
substances from impure
substances

® how to interpret
chromatograms

® how to determine R, values
from chromatograms.

- _J
———x
—Y
—_—7
M M
Before spraying with After spraying with
ninhydrin ninhydrin

Figure 1 A chromatogram produced by a

mixture of amino acids. The spots are made

by different amino acids forming coloured
compounds with the locating agent
(ninhydrin).

Figure 2 Black ink can be separated out into its
different colours on a chromatogram

-
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Paper chromatography

Scientists have many instruments that they can use to identify unknown
compounds. Many of these are more sensitive, automated versions of the
techniques, such as paper chromatography, that you use in school labs. For
example, chromatography can be used to separate and identify mixtures of
amino acids. The amino acids are colourless, but appear as purple spots on
the paper when sprayed with a locating agent and dried, as shown in Figure 1.

You will have tried paper chromatography before, and probably used it to
separate dyes in inks or food colourings (see Figure 2).

Chromatography always involves a mobile phase and a stationary phase. The
mobile phase moves through the stationary phase, carrying with it the
components of the mixture under investigation. Each component in the mixture
will have a different attraction for the mobile phase and the stationary phase.

A substance with stronger forces of attraction between itself and the mobile
phase, than between itself and the stationary phase, will be carried a greater
distance in a given time. A substance with a stronger force of attraction to the
stationary phase will not travel as far in the same time.

So in paper chromatography the mobile phase is the solvent chosen, and the
stationary phase is the paper. In Figure 1, amino acid X from the mixture M has
the strongest attraction to the solvent, and amino acid Z has the strongest
attraction to the paper.

Given an unknown organic solution, chromatography can usually tell you if it is
a single compound or a mixture. If the unknown sample is a mixture of
compounds, there will probably be more than one spot formed on the
chromatogram. On the other hand, a single spot indicates the possibility of a
pure substance.

Identifying unknown substances using
chromatography

Once the compounds in a mixture have been separated using
chromatography, they can be identified. You can compare spots on the
chromatogram with others obtained from known substances:

«— Height of solvent

&
@

«— Base line (in pencil)

= X

Lv Lv3
7% rAY
B

c

Figure 3 This chromatogram shows that A is a mixture of three substances,
B and C plus one other unknown substance
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Following the chromatography in Figure 3, mixture A still has one substance
left unknown. A scientist making the chromatogram often does not know which
pure compounds to include in their experiment to make a positive identification.
It is also not practical to store actual chromatograms or their images, even on a
computer. To make valid comparisons, every variable that affects a
chromatogram would need to be exactly the same in all the chromatograms.

It is far more effective to measure data taken from any chromatogram of the
unknown sample, then match it against a database. So the data is presented
as an R, (retention factor) value. This is a numeric value between 0 and 1,
calculated by dividing the distance a spot travels up the paper (measured to
the centre of the spot) by the distance the solvent front travels:

distance moved by substance
Bi= distance moved b lvent
Yy solven
As the number generated in the calculation is a ratio, it does not matter how
long you run your chromatography experiment or what quantities you use. For
comparisons against an R, database to be valid, you just have to ensure that
the solvent and the temperature used are the same as those quoted in the
database or databook. Look at Figure 4 to see how to get the measurements to
calculate 3, values.

I Finding R, values l

Using a capillary tube, pencil, pipette, water, boiling tube, and a narrow
strip of chromatography paper, find out the R, values of the different dyes in
the mixture of food colourings provided.

Present your evidence clearly. Include your dried chromatogram,
calculations, and an evaluation.

_J

Summary questions
1 Describe in detail how you can positively identify the dyes mixed to make

a food colouring from its chromatogram.
2 What is the R, value of this substance X?

Solvent front —
I X
9.7cm
7.5cm
Base ling X— l

3 The R, values of two substances, Y and Z, were taken from a
chromatogram run in 50% water and 50% ethanol solvent at 20°C. The R,
value of Y was 0.54 and of Z was 0.79.

What can you deduce about Y and Z from these values, and how could
you use them to identify Y and Z?

4 In order to positively identify a compound from a chromatogram, explain
why the solvent and temperature must be the same as those used to
\ generate the R values in a database. )

Paper chromatography

Worked example

Find the R, value of
compounds A and B using the
chromatogram below.

Solvent front
A
i
12cm
8cm
B
L]
3cm
Base line *

Figure 4 The R, value of an unknown
substance, in a particular solvent at a
given temperature, can be compared
with values in a database to identify
the substance

Solution

The R, value of A = % =0.67

@ s.f)

3
The Rf value of B = 5= 0.25

Key points

B Scientists can analyse
unknown substances in
solution by using paper
chromatography.

® R, values can be measured
and matched against
databases to identify specific
substances.

mR-= distance moved by substance
L t— distance moved by solvent J

DS -
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Testing for gases

Many of the reactions you will study in chemistry give off gases as a product.

Learmng Ob]ec‘twes So chemists have devised quick and easy tests to identify different gases.
After this topic, you should Test for hydrogen
know:

The reaction between zinc and dilute acid is a convenient way to make some
hydrogen gas to test:
zinc + sulfuric acid — zinc sulfate + hydrogen

® the tests and the positive
results for the gases:

- hydrogen
- oxygen Zn(s) + H,SO,(aq) — ZnSO,aq) + H,(9)
- carbon dioxide If you want the gas to be produced more quickly, a few crystals of copper(i1)
f — chlorine. y sulfate can be added, or magnesium can be used instead of zinc.
| Testing for hydrogen gas l
Collect a test tube of hydrogen gas, using either of the sets of apparatus
shown in Figures 1 and 2.
Hydrochloric B Record your observations when you hold a lighted splint at the open end
acid of the test tube of hydrogen gas.
2 ® Explain your observations.
Figure 1 Collecting hydrogen over water ® What do the methods of collecting hydrogen gas tell you about its
properties?
Bolling tube \Eafety: Wear eye protection. Hydrogen gas is flammable. )
Positive test for hydrogen: a lighted splint ‘pops’.
Test tube Test for oxygen
Eﬁ:ﬁch,mc soid A convenient way to make some oxygen gas to test is the decomposition of
Zinc hydrogen peroxide solution, with a little manganese(1v) oxide added as a catalyst.
Figyre 2 Collecting hydmgen by upw_ard manganese(1v) oxide
delivery {downward displacement of air) hydrogen peroxide — water + oxygen
D links 2H,0,(aq) — 2H,0() + 0,(9)

To leam how you can use the gases

given offin reactions to monitor rates “
: i 93 .
of reaction, see 9.1 ‘How fast?’. Testing for oxygen gas

To leam about the reaction of metals

with dilute acids, see 4.3 ‘The Put 15cm? hydrogen peroxide solution in a small conical flask.
reactivity series’. Add a small amount of manganese(1v) oxide from the end of a spatula.
Insert a glowing splint (made by blowing out a lighted splint) in the mouth
of the flask.
B Record and explain your observations.
When asked how to identify a . ;
given gas, always give the test \Safety. e o protecion. )

and its result.

Positive test for oxygen gas: a glowing splint relights.

R B ———————————
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Testing for gases

Test for carbon dioxide
You can make carbon dioxide gas to test by reacting marble chips
Testing for chlorine gas

(calcium carbonate) and dilute hydrochloric acid:
Your teacher will carefully add

calcium N hydrochloric calcium + water carbon concentrated hydrochloric
carbonate acid ~ chloride dioxide acid (corrosive) to a spatula
CaCO,s) + 2HCl@agq) — CaCl(ag) + H,0(g) + CO,9) of moistened potassium

manganate(vu) crystals in
a boiling tube held in a rack
inside a fume cupboard.

Positive test for carbon dioxide: limewater (calcium hydroxide
solution) turns cloudy white.

Read more about this test in Topic 4.5. A piece of damp blue litmus
. paper can be held in the mouth
Test for ammonia of the boiling tube.

Ammonia is the only common alkaline gas so it will make damp red

B Record and explain your
litmus paper turn blue. It also has a characteristic sharp, choking smell. R

\ observations.

J

Ammonia gas also forms a white smoke of ammonium chloride when
hydrogen chloride gas, from concentrated hydrochloric acid, is held
near it, for example, holding the stopper from a bottle of concentrated
hydrochloric acid near the ammonia gas:

NH,(g) + HCI(g) — NH,CI(s) GO links
You might be asked to test the
YOU fIFSt met thiS Feaction in TOpiC 1 .2. chlorine gas g.fven off dun'ng the
) electrolysis of a chloride solution, as
Test for chlorine in 5.4 ‘Electrolysis of brine’.

Chlorine is a toxic gas, so care must be taken when working with this
gas. Chlorine has a characteristic sharp, choking smell. Your teacher
will show you the test for chlorine gas.

Positive test for chlorine gas: damp red litmus paper turns blue and
then white (as it gets bleached).

Key points

Summary questions ® Hydrogen gas burns rapidly
with a ‘pop’ when you apply a
1 Explain why hydrogen gas ‘pops’ when a lighted splint is applied. lighted splint.

2 a Write a word equation for the reaction of magnesium carbonate plus
dilute sulfuric acid, which produces carbon dioxide gas.
b Carbon dioxide gas is denser than air. Suggest a way to collect the gas

B Oxygen gas relights a
glowing splint.

from the reaction in part a and then test it with limewater. B Carbon dioxide gas turns
3 During the electrolysis of a chloride solution, a student predicted that a limewater milky (cloudy).
mixture of chlorine and oxygen gases would be given off from the anode. ® Chlorine gas bleaches damp

Describe how you could test this prediction. blue litmus paper white.

4 a i Write a balanced symbol equation to describe the reaction between
magnesium and dilute hydrochloric acid, to produce hydrogen gas.
ii Write an ionic equation for the reaction in part i.
b In the reaction in part a, which species is reduced and which is
oxidised? Explain your answer.

B Ammonia gas has a
characteristic sharp, choking
smell. It also makes damp
red litmus paper turn blue
and forms a white smoke

5 Plan an investigation to see how the proportions of hydrogen and air in a of ammonium chloride
test tube affect the loudness of the ‘pop’ you hear when a lighted splint is with hydrogen chloride
held at the mouth of the tube. gas (from concentrated
\ ) hydrochloric acid).
\. J

e ——,, R



Learning objectives

After this topic, you should
know:
® how to identify different
positive ions by:
- flame tests

- precipitation reactions.
oy

Figure 1 A flame test can identify most
Group 1 or Group 2 metals in a
compound

Figure 2 This distinctive precipitate that
forms when you add sodium hydroxide

solution tells us that Cu?®* ions are present

-
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Tests for positive ions

Scientists working in environmental monitoring, industry, medicine, and
forensic science need to analyse and identify substances. To identify unknown
substances, there are a variety of different chemical tests.

Flame tests

Some metal ions produce flames with a characteristic colour. To carry out a

flame test you do the following:

B Put a small amount of the compound to be tested in a nichrome wire loop.
(The wire loop should be dipped in concentrated hydrochloric acid and
heated to clean it first. Then it should be dipped in the acid again before
dipping in the metal compound.)

® Then hold the loop in the roaring blue flame of a Bunsen burner.

B Use the colour of the Bunsen flame to identify the metal ion in the

compound.
Metal ion Flame colour
Lithium (Li*) crimson
Sodium (Na*) yellow
Potassium (K¥) lilac
Calcium (Ca*) red
Barium (Ba®) green

Reactions with sodium hydroxide

The reactions with sodium hydroxide solution can also help us identify some
positive ions. Aluminium ions, calcium ions, and magnesium ions all form white
precipitates with sodium hydroxide solution. So, if a white precipitate forms you
know an unknown compound contains either AP+, Ca?*, or Mg®* ions.

For example, the ionic equation for the reaction with aluminium ions is:
Al¥(aq) + 30H(aq) — Al(OH),(s)

If you add more and more sodium hydroxide then the precipitate formed with
aluminium ions dissolves. However, the white precipitate formed with calcium
or magnesium ions will not dissolve. Calcium and magnesium ions can be
distinguished by a flame test. Calcium ions give a brick-red flame but
magnesium ions produce no colour at all.

Some metal ions form coloured precipitates with sodium hydroxide.

If you add sodium hydroxide solution to a substance containing:
B copper(i1) ions, a blue precipitate is formed

W iron(i) ions, a green precipitate is formed

H jron(in) ions, a brown precipitate is formed.

For example, adding sodium hydroxide solution to iron(n) ions gives the ionic
equation:

Fe*(aq) + 20H-(aq) — Fe(OH),(s)
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Tests for positive ions

Unknown solution — add

sodium hydroxide solution Mg’ " A

Dissolves in excess
sodium hydroxide solution

Coloured precipitate Insoluble in excess
sodium hydroxide solution

White precipitate

‘Mg | (Distinguish between Mg?* (no colour)
“ Ca** | and Ca®* (red) by flame test)
Brown ?
ah u?
precipitate Blue
l precipitate
I =
Green precipitate

{looks ‘dirty’ green)
Figure 3 Sodium hydroxide solution provides a very useful test for many positive ions
Required practical
Identifying positive ions

Try to identify the metal ions in some unknown compounds provided for you.

Safety: Wear chemical splashproof eye protection.

Summary questions
1 a What colour precipitate does dilute sodium hydroxide produce with

aluminium, calcium, and magnesium ions?

b How can you distinguish between these three metal ions?

¢ Write an ionic equation, including state symbols, for the precipitation
of magnesium ions from solution by aqueous hydroxide ions.

2 a Draw aflow chart to describe how to carry out a flame test.
b If the flame test was carried out on barium chloride, describe what you
would see.

3 Copy the table below and complete the missing cells a to j:

Add sodium hydroxide Flame test Metal ion
solution
nothing observed lilac f
white precipitate red 3
itk g Key points

a d Fe*

white precipitate which nothing observed h " Most (::‘rroup 1 and _GrouR 2

dissalvesin exoony metal ions can be identified

sodium hydroxide solution in their compounds using
flame tests.

green precipitate which nothing observed i

slowly turns reddish-brown B Sodium hydroxide solution
can be used to identify

b € Na different metal ions,

c crimson i depending on the precipitate

\ ) that is formed.
\, J

S § G,



Learning objectives

After this topic, you should
know:
® how to identify different
negative ions, in particular:
- carbonates
- halides
- sulfates.

D links

For more information on
carbonates, look back to 4.5
‘Metal carbonates’.

In the test for a halide ion: add

dilute nitric acid before the

silver nitrate. Do not add any

other acid as they will produce

precipitates with silver nitrate
1 solution.

Figure 2 One simple test with silver
nitrate solution can tell us if an unknown
substance contains chloride, bromide, or
iodide ions

RM.DL.BOOKS GROUPS
Chemical analysis

Tests for negative ions

You can also do chemical tests to identify some negative ions in ionic compounds.

Carbonates

If you add a dilute acid to a carbonate, it fizzes and produces carbon dioxide
gas. This is a good test to see if an unknown substance is a carbonate.

Limewater —__

Figure 1 The test for a carbonate

If the carbonate is sodium carbonate, the reaction you get is:

Na,CO,(s) + 2HCl(aq) — 2NaCl(aq) + H,O(l) + CO,(g)
You can represent the reaction by just showing the ions that change in the
reaction in an ionic equation:

2H'(ag) + CO,*(s)
acid carbonate ion

— CO,(g) + H,O)

In limewater, the carbon dioxide reacts with calcium hydroxide. It forms a white
precipitate of calcium carbonate which turns the limewater cloudy white.

Halide ions (chlorides, bromides, and iodides)

A very simple test shows whether chloride, bromide, or iodide ions are present
in a compound. First you add dilute nitric acid, and then add silver nitrate
solution. If a precipitate forms, there are halide ions present.

(You add the nitric acid to dissolve the compound and to remove any carbonate
ions as they would also form a precipitate with the silver ions, and so interfere
with the test.)

The colour of the precipitate tells us which halide ion is present:
B Chloride ions (CI7) give a white precipitate of silver chloride.
B Bromide ions (Br-) give a cream precipitate of silver bromide.
B |odide ions (I") give a yellow precipitate of silver iodide.

If the unknown halide was sodium chloride, the precipitation reaction would be:
NaCl(aq) + AgNO,(aq) — NaNO (aq) + AgCl(s)
Here is the ionic equation, where X-is the halide ion:

Ag'(aq) + X"(aq) — AgX(s)

-
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Tests for negative ions

.’)? Did you know ...?

Silver compounds are sensitive to light. If a silver halide precipitate is left for
. a few minutes in bright sunlight it slowly darkens as silver metal is formed.

Sulfates

You can test for sulfate ions by adding dilute hydrochloric acid, followed by
barium chloride solution. (Add the dilute hydrochloric acid first to remove
carbonate ions that would form a precipitate with the barium ions.) A white
precipitate tells us sulfate ions are present. The white precipitate is the
insoluble salt barium sulfate, BaSO,.

If the unknown compound was potassium sulfate, then the equation for the
precipitation reaction would be:

K,S0O (aq) + BaCl,(aq) — 2KCl(aq) + BaSO(s)
Here is the ionic equation for this reaction:

Ba?'(aq) + SO,*(aq) — BaSO,(s)

Figure 3 The white precipitate of barium
sulfate forming

Identifying unknown ionic compounds

Now you know the tests for some positive and negative ions, you can try to
identify some unknown compounds.

Safety: Wear chemical splashproof eye protection.

In the test for the sulfate ion:
add hydrochloric acid before
the barium chloride. Do not
add sulfuric acid - it contains

= | sulfate ions! §
Summary questions A\ J
1 List the reagents you would need to assemble in a lab to test a sample

of an unknown substance for carbonate, halide, and sulfate ions.

® You identify carbonates by
adding dilute acid, which
produces carbon dioxide
gas. The gas turns limewater
cloudy.

2 An unknown compound is a white solid which dissolves in water to
produce a colourless solution. When this solution is acidified with
nitric acid and then silver nitrate is added, a yellow precipitate is
produced. A flame test on the unknown compound produces a lilac
flame. Deduce the name of the unknown compound and give your
reasoning.

B You identify halides by adding
nitric acid, then silver nitrate
solution. This produces a

3 Write a word equation and a balanced symbol equation, including state
symbols, for the following reactions:
a magnesium chloride solution + silver nitrate solution

b potassium carbonate powder + hydrochloric acid
¢ aluminium sulfate solution + barium chloride solution

4 Write ionic equations, including state symbols, to summarise the
reactions that help identify:
a bromide ions
b sulfate ions
¢ carbonate ions.

\ is added to a sample before you add silver nitrate solution.

5 In the test for halide ions, explain why nitric acid (rather than other acids)

precipitate of silver halide
(chloride = white,
bromide = cream,

iodide = yellow).

J

You identify sulfates by
adding hydrochloric acid,
then barium chloride
solution. This produces a
white precipitate of barium
sulfate.

J

S § G,
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Chemical analysis

Chapter summary questions

1 What would be entered in a to f to complete the table? 5 Chemists find that quick and simple tests are useful for
identifying the gaseous products of chemical reactions.
Agddliute | Add At dikite | Flame || Substance a Name and give the chemical formula of the gas
acid sodlutn nitric acid test identified by:
hydroxide |Hollowediy i its property as a bleaching agent
solution | slver "!tra{e il its potentially explosive reaction with oxygen
seiusion iii its precipitation reaction with an alkaline solution
Nothing Nothing Yellow Yellow e containing calcium ions
observed | observed | precipitate iv the white smoke formed when it reacts with
Fizzing | Pale blue | Notneeded | Nothing f hydrogen chioride gas
— gas tums | precipitate LT v a combustion reaction that re-ignites wood.
limewater | formed b Sometimes the gaseous products of a reaction are
cloudy collected before testing takes place.
a b c d Calcium Using the gases identified in part a:
chloride i name three gases that can be collected over water

ii explain why the other two gases from part a cannot

2 An unknown compound gave the following positive tests be collected using this method.

when analysed: ¢ Gases can also be collected by upward delivery into

an up-turned test tube. This method relies on the low

density of the gas compared with air. The density

of a gas depends on its relative formula mass, M,

(See Topic 8.3).

i Calculate the M values of the five gases identified
in part a.

ii Use this information to suggest which two gases
could be collected effectively using upward delivery.

® The Bunsen flame turned crimson in a flame test.

® When dissolved in dilute hydrochloric acid and barium
chloride solution was added, a white precipitate was
formed.

Name the unknown compound.

3 The label on a jar of white crystals has been damaged by
water and cannot be read. A science technician thinks it

is probably a jar of potassium bromide. 6 a You can use paper chromatography to identify solutes
a Describe how the technician could positively identify using R, values from a database. Look at the
the crystals as potassium bromide. chromatogram below and calculate the R, value of the

b Give the formula of potassium bromide. unknown substances X and Y.

¢ What type of bonding will be found in potassium Solvent front —
bromide?
X
4 a What are the differences between a mixture and a 16em I .
compound? 9.6cm
b Name the technique you would use to separate and l I§Y2 ™
collect: Base line -

i hydrated copper(u) sulfate, CuSO,-5H,0, from its
aqueous solution

b The solvent used to obtain the chromatogram above
ii a precipitate of lead iodide from the solution formed g

) ) ) was ethanol.
when aqueous solutions of lead nitrate and sodium
iodide are mixed Explain the different R, values of substance X and
iii water from a solution of potassium chloride substance Y.
iv ethanol from a mixture of water and ethanol. ¢ In a database, apart from the solvent used, what other
¢ Write a balanced symbol equation, including state variable i? quoted to ensure that R, values are
symbols, for the reaction in part b ii above. standardised?

—
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Practice questions

1 Potash alum is a compound with the formula KAI(SO,),

A student dissolved some potash alum in water and did
some tests on the solution.

a Some of the solution was sprayed into a bunsen flame.

i State the colour of the flame. (1)
il Write the formula of the ion responsible for this
colour. (1)

b The student added a small amount of some sodium
hydroxide solution to some potash alum solution.

i State the observation that could be made. (1)
il Write the name of the compound responsible for
this observation. (1)

¢ Another student added some sodium hydroxide
solution to some potash alum solution and recorded
his observation as a colourless solution.

Explain why he did not make the same observation as

the student in part b. 2
d Describe how the student should do a test to show
that the potash alum contains sulfate ions. (3)

2 A solution contains dissolved sodium carbonate, iron(i)
chloride, and iron(in) chloride.

a After some dilute nitric acid is added, bubbles are

seen.
i Name the gas that forms. (1)
ii Describe how you could test for this gas. (2

b Next, some silver nitrate solution is added. A white
precipitate forms.

i Name the white precipitate. (1)
il Write the simplest ionic equation for the formation
of the white precipitate. (2

¢ A student adds some sodium hydroxide solution to
test for positive ions.

Why will this test not clearly identify the three positive
ions in the solution? (3)

3 Many methods of separation depend on a property that is

different for each substance in a mixture.

For each of the mixtures in this question, suggest a
suitable method of obtaining the first substance from the
mixture and state the property that the method depends
on.

a Water from a mixture with sodium chloride (2)

b Calcium carbonate from a mixture with sodium
chloride solution (2)

¢ Blue ink from a mixture with red ink (2)

4 A scientist used chromatography to identify the artificial

colours in a flavoured drink.

The result of the experiment is shown in the diagram.

Key:
D =drink
C1, C2, C3 = permitted artificial colours

@&
®
Start line
D C C2 3

Describe how to do the experiment that gave this
result. (8)
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Acids and alkalis

Acids and bases are an important part of our understanding of chemistry. They

Learnlng ObIECt'ves play an important part inside us and all other living things.

After this topic, you should

know What are acids and bases?
® why solutions are acidic or When you dissolve a substance in water you make an aqueous solution.
alkaline Whether the solution formed is acidic, alkaline, or neutral depends on which

substance has been dissolved.
B Soluble hydroxides are called alkalis. Their solutions are alkaline. An
B how to measure acidity. example is sodium hydroxide solution.

- ~ B Bases, which include alkalis, are substances that can neutralise acids. Metal
oxides and metal hydroxides are bases. Examples include iron oxide and
copper hydroxide.

B Acids include citric acid, sulfuric acid, and ethanoic acid. All acids taste very
sour, although many acids are far too dangerous to put in your mouth.

bas Ethanoic acid (in vinegar) and citric acid (in citrus fruit and fizzy drinks) are
acids that are edible.

B Pure water is neutral.

® what bases and alkalis are

3

One acid used in science labs is hydrochloric acid. This is formed when the
gas hydrogen chloride (HCI) dissolves in water:

HOIG) —5  He(ag) + CHaq)

All acids form H*ions when added to water. It is these H*(ag)ions that make a
solution acidic.

Because alkalis are bases that dissolve in water and form solutions, they are
the bases that are often used in experiments. Sodium hydroxide solution is
often found in school labs. You get sodium hydroxide solution when you
dissolve solid sodium hydroxide in water:

water
NaOH(s) —— Na'(aqg)+ OH(aq)

Fi 1 Acids and ba il d , N .
u;?:‘;?nanyc;fiinwn;:;;mbiyZ;O;:; All alkalis form hydroxide ions (OH-) when added to water. It is these aqueous

shops, in our schools and factories — and hydroxide ions, OH (aq), that make a solution alkaline.
in our bodies too

Measuring acidity or alkalinity

Indicators are substances which change colour when added to acids and
alkalis. Litmus paper is a well-known indicator, but there are many more.

Scientists use the pH scale to show how acidic or alkaline a solution is. The
scale runs from 0 (most acidic) to 14 (most alkaline). You can use universal
indicator (Ul) to find the pH of a solution. It is a special indicator made from a
number of dyes. It turns a range of colours as the pH changes. Anything in the
middle of the pH scale (pH 7) is neutral, that is, neither acidic nor alkaline.

R E ————————
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Acids and alkalis

You can use the mathematical symbols ‘>’ (read as ‘is greater than’) I Which is the most l

and ‘<’ (‘is less than’) when interpreting pH values. alkaline cleaning
You can say: product?
Compare the alkalinity of
pH <7 indicates an acidic solution — that is, pH values less than 7 0‘ pare e. Alinity
are acidic. various cleaning products.
pH >7 indicates an alkaline solution - that is, pH values greater than 7 YOl{ gan lestwashing-up
are alkaline liquids, shampoos, soaps,
’ hand-washing liquids, washing
powders/liquids, and
Universal dishwasher powders/tablets.
pH ':glllftaﬁi You could use a pH sensor and
data logger to collect your
0 Very data.
1 Hydrochloric acid acidic ® What are the advantages of
’ P using a pH sensor instead of
J_ : universal indicator solution
3 Sﬁ;gg;rlu'ce or paper?
4 Safety: Wear chemical splash-
g Bl i Slightly proof eye protection and
acidic @sposable gloves. y
6 Rainwater | 2
7 Pure water Neutral
Seawater
8 Baking soda Slightly
9 Milk of magnesia alkaline
Soap
10

1

12 Washing soda

13 Figure 2 The pH scale
- Oven cleaner Very  tolis us how acidic or

Sodium hydroxide alkaline gy a/ine a solution is

Summary questions [ Keypoints
1 a What distinguishes alkalis from other bases? ® Acids are substances which

b What do all alkalis have in common? produce H'(aq) ions when
¢ Show the change that happens when potassium hydroxide (KOH) added to water.
dissolves in water using an equation, including state symbols. ® Bases are substances that
2 a What ions do all acids produce in aqueous solution? will neutralise acids.
b Show 'Ehe ch'fange that happens when hydroiodic acid (HI) dissolves in = Anzlkaliie 2 cohible
water, including state symbols. hydroxide. Alkalis produce
3 How could you use universal indicator paper as a way of distinguishing OH-(aq) ions when added to
between distilled water, sodium hydroxide solution, and ethanoic acid water.
ion?
SBlu gl B You can use the pH scale to
4 Which would be the more accurate way of finding the pH of a solution, show how acidic or alkaline a
\ using universal indicator paper or a pH sensor and datalogger? Why? ) solution is.
\. _J
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Learning objectives

After this topic, you should
know:

= the products made when
acids react with metals

® the products made when
acids react with bases

B how to prepare crystals of
salts from their solutions.

J

D links
For more information on
neutralisation reactions, see 7.3

‘Making salts by neutralisation and

precipitation’.

__ RM.DL.BOOKS GROUPS
Acids, bases, and salts

Making soluble salts from metals

or insoluble bases

Acids + metals

A salt is a compound formed when the hydrogen in an acid is wholly or
partially replaced by a metal or ammonium ions. One way to make salts is to
react acids directly with metals. This is only possible if the metal is more
reactive than hydrogen. If it is, then the metal will react with an acid to form a
salt plus hydrogen gas:

acid + metal - a salt + hydrogen
2HCl(aq) + Mag(s) - MgCl,(aq) + H, )
hydrochloric acid + magnesium — magnesium chloride + hydrogen

Note: If the metal is very reactive, the reaction with acid is too violent to carry
out safely. So metals such as sodium or potassium are never added to acid.

Crystals of a salt (magnesium chloride in the equation above) can be obtained
from the solution. Some of the water is evaporated off from the solution until
the point of crystallisation. At this point, the solution becomes saturated and
crystals will appear at the edge of a salt solution being heated in an
evaporating dish. This point can also be tested by dipping a glass rod into the
hot salt solution, removing it and seeing if crystals form on the solution left on
the rod as it cools down. The salt solution should then be left at room
temperature for the remaining water to evaporate off slowly in order to prepare
the best samples of salt crystals. Wear eye protection in case the solution
‘spits’.

Acid + insoluble base

When you react an acid with a base, a salt, and water is formed.

The general equation which describes this neutralisation reaction is:
acid + base — a salt + water

The salt that you make depends on the metal or the base that you use, as well as
the acid. So bases that contain sodium ions will always make sodium salts.
Those that contain potassium ions will always make potassium salts.

In terms of the acid used:

B the salts formed when neutralising hydrochloric acid (HCI) are always
chlorides (containing CI- ions)

® sulfuric acid (H,SO,) makes salts which are sulfates (containing SO,* ions)

B nitric acid (HNO,) always makes nitrates (containing NO," ions).

The oxide of a transition metal, such as iron(in) oxide, is an example of a base
that can be used to make a salt in this way:

acid + base - a salt + water

6HCI(aq) + Fe,O,(s) > 2FeCl (aq) + 3H,0()

hydrochloric acid + solid iron(m) oxide — iron(i) chloride + water
solution

T B ———————————
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Making soluble salts from metals or insoluble bases

You can make copper sulfate crystals from copper(u) oxide (an insoluble
base) and sulfuric acid. The equation for the reaction is:

acid + base — a salt + water
H, SO, (aq) + CuO(s) —  CuSO0,(aq) + H,O()
sulfuric acid + copper(i) oxide — copper(n) sulfate + water

Warm gently
_b\\

The solution tums blue as the reaction occurs,
showing that copper sulfate is being formed.
Excess black copper oxide can be seen.

Add insoluble copper oxide to sulfuric
acid and stir until no more reacts.
Warm gently on a tripod and gauze
(do not boil).
Vah 4 Copper(i1)
B sulfate
solution
> Boiling
water

i

Evaporate the water so that crystals of
copper sulfate start to form. Stop heating

= when you see the first crystals appear at the
When the reaction is complete, filter the edge of the solution. Then leave for the rest
solution to remove excess copper oxide of the water to evaporate off slowly. This will
give you larger crystals.

B What does the copper sulfate look like? Draw a diagram if necessary.

\Eafety: Wear eye protection. Chemicals in this practical are harmful.

Making a copper salt ‘

J

Summary questions
1 Write the general word equation for the reaction between an acid and:

a abase b a metal.

2 Describe in detail how you could prepare a sample of copper sulfate
crystals from its solution.

3 a Why can’t copper sulfate be prepared by adding copper metal to
dilute sulfuric acid?
b Why is potassium chloride never prepared by reacting potassium
metal and dilute hydrochloric acid together?

4 Write balanced symbol equations, including state symbols, for the
following reactions:
a magnesium + hydrochloric acid

\ b lithium oxide (in excess) + sulfuric acid

_/

Key points

B A salt is a compound formed
when the hydrogen in an acid
is wholly or partially replaced
by metal or ammonium ions.

B When you react an acid
with a base a neutralisation
reaction occurs.

B The reaction between an acid
and a base produces a salt
and water.

B Salts can also be made by
reacting a suitable metal
with an acid. This reaction
produces hydrogen gas as
well as a salt. A sample of
the salt made can then be
crystallised out of solution by

evaporating off the water.
N J
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Acids, bases, and salts

Making salts by neutralisation or

precipitation

There are two other important ways of making salts from solutions.
B You can react an acid and an alkali together to form a soluble salt.

B You can make an insoluble salt by reacting solutions of two soluble salts
together.

Learning objectives

After this topic, you should
know:

B the ionic equation to Acid + alkali
describe neutralisation

When an acid reacts with an alkali, a neutralisation reaction takes place.
B how to prepare salts from an

acid and an alkali Hydrochloric acid reacting with sodium hydroxide solution is an example:
B how to prepare insoluble acid + alkal — a salt + water
salts. HCl(aq) + NaOH(aq) — NaCl(aq) + H,0())
J hydrochloric acid + sodium hydroxide solution — sodium chloride + water

When you react an acid with an alkali you need to be able to tell when the acid
and alkali have completely reacted. It is not obvious by just observing the
reaction — so you need to use an indicator to help.

Think about neutralisation in terms of H*(aq) ions reacting with OH-(aq) ions.
They react to form water and this can be shown in an ionic equation. An ionic
equation just shows the ions, as well as atoms and molecules, that change in a
chemical reaction and the products they form:

H*(aq) + OH(ag) — H,0())

You can make ammonium salts, as well as metal salts, by reacting an acid with
an alkali. Ammonia reacts with water to form a weakly alkaline solution:

NH,(aq) + H,O() = NH,*(aq) + OH(aq)
Ammonia solution reacts with an acid (e.g., nitric acid):
acid + ammoniasolution — anammonium salt + water

HNO,(aq) + NH,’(aq) + OH(ag) —» NH,NO,aq) + H,0()
nitric acid + ammonia solution — ammonium nitrate + water

Ammonium nitrate contains a high proportion of nitrogen, and it is very soluble
in water. This makes it ideal as a source of nitrogen for plants to take up
through their roots. It replaces the nitrogen taken up from the soil by plants as
they grow (see Figure 1).

Ammonium salts are made by adding ammonia solution to an acid until there is
a small excess of ammonia. You can detect the excess ammonia by using
universal indicator paper which will turn blue. You then crystallise the
ammonium salt from its solution. The excess ammonia evaporates off.

Making insoluble salts

Scientists can sometimes make salts by combining two solutions that contain
different soluble salts. When the soluble salts react to make an insoluble salt,
we call the reaction a precipitation reaction. This is because the insoluble solid

RNOYE SHOSSE, formed in the reaction mixture is called a precipitate.
Figure 1 Ammonium nitrate (NHNO,) Pb(No?)i(aq) + 2Kl(aq) ) - Pb;z(sf) = 2K”Oa(ag)
made from ammonia and nitric acid is lead nitrate + potassium iodide — lead iodide + potassium nitrate
used as a fertiliser solution solution precipitate solution

-
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Making salts by neutralisation or precipitation

Each of the reactant solutions contains one of the ions that make up the
insoluble salt. In this case, they are lead ions in lead nitrate and iodide ions in
potassium iodide. Lead iodide forms a yellow precipitate that you can filter off
from the solution.

Making an insoluble salt ‘

Pt

(\ " [y
/ i |
Potassium I &
iodide - BB N
solution . : \
Lead nitrate ——____/ - _>
solution &___
1 2 3

Add potassium iodide solution
to lead nitrate solution and stir

The precipitate of lead iodide
that forms is filtered off from the
solution

Make the salt lead iodide from lead nitrate solution and potassium iodide
solution. The equation for the reaction is shown at the bottom of the
previous page.

® \Why is the precipitate of lead iodide washed with distilled water?

The precipitate is
washed with distilled
water and dried

Safety: Wear chemical splashproof eye protection. Lead compounds are

\toxic. )

Summary questions
1 a Write down a general equation for the neutralisation reaction between

an acid and an alkali.
b Write an ionic equation to show what happens in this neutralisation
reaction.

2 a Name the salt made when ammonia solution neutralises dilute nitric acid.
b Why is this salt important?
c Write a balanced symbol equation for the reaction to make this salt.

3 Write a balanced symbol equation, including state symbols, and a
method to show how to make lithium chloride (a soluble salt - look
ahead to Topic 8.6 for help if necessary).

4 Lead chloride, PbCl,, is an insoluble salt.
a Suggest a method to prepare a sample of lead chloride. (Hint: all
nitrates are soluble in water.)
b Write a balanced symbol equation, including state symbols, for the
reaction used in part a.
¢ What type of bonding will be present in the lead chloride?

5 A chemical factory produces aqueous chromium(iir) ions as a by-product.
Suggest how the chemical company can remove the chromium ions
from the wastewater before it is discharged from the factory.

\_ J

Using precipitation

Precipitation reactions are used

to remove pollutants from the
wastewater produced by factories.
The effluent must be treated before
it is discharged into rivers and the
sea.

Precipitation is used in the removal
of metal ions from industrial
wastewater. By raising the pH of the
water, engineers can make insoluble
metal hydroxides precipitate out.
This produces a sludge which can
easily be removed from the solution.

The cleaned-up water can then be
discharged safely into ariver or the
sea.

Precipitation can be also used to
remove unwanted ions from
drinking water.

Figure 2 Water treatment plants use
chemical treatments, such as adding lime,
to precipitate out metal compounds which
can then be removed by filtering

® An indicator is needed when
a soluble salt is prepared
by reacting an alkali with an
acid.

® Insoluble salts can be made
by reacting two solutions to
produce a precipitate.

B Precipitation is an important
way of removing some
metal ions from industrial
wastewater.

S G
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Acids, bases, and salts

Chapter summary questions

-~

1 Nickel(u) sulfate crystals can be made from an insoluble
oxide base and sulfuric acid.

i Name the insoluble base that can be used to make
nickel(n1) sulfate.

ii Write a balanced symbol equation, including state
symbols, to show the reaction.

iii What type of reaction is shown in the equation?

b Describe how you could obtain crystals of nickel(i1)

sulfate from the reaction in part aii.

2 Write balanced symbol equations, including state
symbols, to describe the reactions below. (Each reaction
forms a salt.)

Lithium hydroxide solution (in excess) and dilute
sulfuric acid

Iron(im) oxide (an insoluble base) and dilute nitric acid

¢ Zinc metal and dilute hydrochloric acid

d Barium nitrate solution and potassium sulfate solution

(this reaction produces an insoluble salt)

What is the chemical formula of calcium carbonate
- the main compound in limestone?

Calcium carbonate reacts with dilute hydrochloric acid,

giving off a gas.

i Write a balanced symbol equation, including state
symbols, for this reaction.

ii Draw a diagram of the apparatus you would use to
give a positive test for the gas given off.

ili Write a word equation and a balanced symbol
equation for the change that happens in a positive
test for the gas in part ii.

This is a lime kiln for roasting limestone:

Air + carbon dioxide Kiln rotates

N\

Limestone
in

Calcium
oxide out

ﬂ n Temperature increases || ||
as the limestone travels
through the kiln

i Write a word equation and a balanced symbol
equation, including state symbols, for the reaction
in the lime kiln.

ii What do you call the type of reaction that takes
place in a lime kiln?

ili What mass of the gas would be produced if
12.5 tonnes of limestone was roasted in a lime kiln,
assuming all the limestone was composed of
calcium carbonate and there was 100% conversion
to calcium oxide? (See Topic 8.2).
(A, values: Ca=40,0=16, C=12)

iv State three uses of limestone not mentioned in this
question.
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Practice questions

1 Three solutions are made by dissolving equal amounts of
compounds in water. The pH values of these solutions
are 2,7, and 12.

Solution 1 contains hydrochloric acid.
Solution 2 contains sodium chloride.
Solution 3 contains sodium hydroxide.

a Write the appropriate pH value for each solution shown
above. (1)

b Name one indicator that could be used to identify
each solution and explain why it is better than using

litmus. (2)
¢ Solution 4 has a pH value of 9. Solution 5 has a pH

value of 11.

Which solution contains more H* ions? (1)

2 One way to prepare soluble salts involves adding a metal
or a metal compound to a dilute acid.

a Copy and complete the following word equations that
show the reactions used to make three salts.
i magnesium + hydrochloric acid —
ii zinc oxide + nitric acid —
iii copper(u) carbonate + sulfuric acid — (6)

b What would you observe in reactions i and iii but not in
reaction ii? (1)

¢ Why should an excess of metal or metal compound be
used in each case? (1)

d After each reaction is complete, filtration is used.
i State the name of the substance in solution when
reaction i is filtered. (1)
ii What does the residue in reaction ii contain? (1)
iii What is the colour of the filtrate in reactioniiii? (1)

e The method used for all the reactions above produces
a dilute solution of the salt. Describe how crystallisation
is used to obtain a pure dry sample of the salt
produced in reaction iii. (4)

3 Insoluble salts are made by the precipitation method.

a The word equation for a reaction used to make an
insoluble salt is:

magnesium  sodium T magnesium  sodium
chloride fluoride fluoride chloride

Write a symbol equation, including state symbols, for

this reaction. (3)

b i

Name two compounds that could be used to make
the insoluble salt lead sulfate. (2)
When lead sulfate is made the reaction mixture is
filtered. Lead sulfate is in the residue.

Why should the residue be washed with distilled
water before it is dried? (1)

e
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Chemical equations

= 5 = Chemical equations show the reactants (the substances you start with) and
Learmng Oblec‘twes the products (the new substances made) in a reaction.

The test for hydrogen gas can be represented using a word equation:

After this topic, you should

know: hydrogen + oxygen — water
® what happens to the atoms in (reactants) (product)
a chemical reaction In chemical reactions the atoms get rearranged. Now you can investigate what
happens to the mass of reactants compared with the mass of products in a

® how the mass of reactants

compares with the mass reaction.
of products in a chemical Using symbol equations helps us to see how much of each substance is
reaction involved in a reaction.

For example, calcium carbonate decomposes (breaks down) on heating.
You can show the reaction using a symbol equation like this:

B how to write balanced
symbol equations, including
state symbols, to represent CaCO, — Ca0 +CO,

reactions. This equation is balanced - there is the same number of each type of atom on
\- - both sides of the equation. This is very important, because atoms cannot be
created or destroyed in a chemical reaction. This also means that:
The total mass of the products formed in a reaction is equal to the total
mass of the reactants.

You can check if an equation is balanced by counting the number of each type
of atom on either side of the equation. If the numbers are equal, then the
equation is balanced.

You can also add state symbols to a balanced symbol equation to give extra
information. The state symbols used are:

| (s) for solids

| () for liquids

m (g) for gases

B (aq) for substances dissolved in water, that is, aqueous solutions.

D links
For more information on the
decomposition of calcium

carbonate, see 4.5 ‘Metal
carbonates’. CaCO,(s) — CaO(s) + CO,(g)

:“

nvestigating the mass of reactants and products
You are given solutions of lead nitrate (toxic) and potassium iodide.

So the balanced symbol equation, including state symbols, for the
decomposition of calcium carbonate is:

Wearing chemical splashproof eye protection, add a small volume of each solution together in a test tube.
B What do you see happen?

The formula of lead nitrate is Pb(NO

), and of potassium iodide is KI.

The precipitate (a solid formed in the reaction between two solutions) is lead iodide, Pbl, (which is toxic).
B Predict a word equation and a balanced symbol equation, including state symbols, for the reaction.
B How do you think that the mass of the reactants compares with the mass of the products?

Now plan an experiment to test your answer to this question. Your teacher must check your plan before you start
\the practical work. Wash your hands after the experiment. j

., L A L
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Making an equation balance

In the case of hydrogen reacting with oxygen it is not so easy to balance the
equation. Firstly, we write the formula of each reactant and product:

H,+0, - H,0
Count the atoms on either side of the equation:

Products
2 H atoms, 1 O atom

Reactants
2 H atoms, 2 O atoms

products
{not enough
0 atoms)

So you need another oxygen atom on the product
side of the equation. You cannot simply change
the formula of H,O to H,0,. (H,0, - hydrogen
peroxide — is a bleaching agent which is certainly
not suitable to drink!) But you can have 2 water
molecules in the reaction - this is shown in a
symbol equation as:

H,+0, - 2H,0

H, +0,
reactants

Not balanced

H +0,
(not enough ]
H atoms) 2H,0

Again, count the atoms on either side of the
equation:

Products
4 H atoms, 2 O atoms

Reactants

2 H atoms, 2 O atoms
Still not balanced!

Although the oxygen atoms are balanced, you now
need two more hydrogen atoms on the reactant
side. You do this by putting 2 in front of H,:

2H,+0, » 2H,0
Now you have:

Products
4 H atoms, 2 O atoms

Reactants
4 H atoms, 2 O atoms

... and the equation is balanced.

Balanced at last!

Summary questions
1 a Why must all symbol equations be balanced?
b Copy this equation and balance it: H, + Cl, — HCI

2 a A mass of 33.6g of magnesium carbonate (MgCO,) completely
decomposed when it was heated. It made 16.0g of magnesium oxide
(MgO). What mass of carbon dioxide (CO,) was produced in this
reaction?

b Write a word equation and a balanced symbol equation, including
state symbols, to show the reaction in part a.

3 Copy these symbol equations and balance them:
a KNO, - KNO, + 0, b Li+0,- Li,O

4 Sodium metal, Na, reacts with water to form a solution of sodium
hydroxide, NaOH, and gives off hydrogen gas, H..
Write a balanced symbol equation, including state symbols, for this

cFe+0,—» Fe,O,

\ reaction. )

Chemical equations

Look at the chemical equation
on the previous page. You can
work out the mass of CaCO,,
CaO, or CO, given the masses
of the other two compounds.

Because the total mass of the
products formed in a reaction is
equal to the total mass of the
reactants, you can write:

CaCO, — CaO + CO,

Mass= a = b + ¢

So if the mass of CaO formed
is 2.8g (b above) and the mass
of CO, is 2.2 g (c above), then
the mass of CaCO, (a above)
that you start with must be 2.8 +
2.2 (b+c) which equals 5.0g.

Rearranging the equation for a,
b,and cyougeta-c=b.

So if the reaction started with
100 tonnes of CaCQ, (a) and it
gave off 44 tonnes of CO, (c),
then the mass of CaO (b) made
is 100 - 44 (a - c) = 56 tonnes.

Key points

® No new atoms are ever
created or destroyed in a
chemical reaction:

the total mass of reactants =
the total mass of products

B There is the same number of
each type of atom on each
side of a balanced symbol
equation.

® You can include state symbols
to give extra information in
balanced symbol equations.
These are (s) for solids, (l) for
liquids, (g) for gases, and (aq)

for aqueous solutions.
\_ _J
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Learning objectives

After this topic, you should

know:

B how electrons are involved in
bonding

= what is meant by the relative
atomic mass of an element

® how to calculate the relative
formula mass of a compound

= how to calculate the number
of moles, given the mass (or
the mass, given the number
of moles) of substance.

D links

For more information about ions and
bonding look back to 2.1 ‘Atoms
into ions’, 2.2 ‘lonic bonding’, and
2.5 ‘Giant ionic structures’.

D links

For more information about atoms
sharing electrons and bonding look
back to 2.3 ‘Covalent bonding’,

2.6 '‘Simple molecules’, and

2.7 'Giant covalent structures’.

He =4 /\ c=12
A D@,
Mg = 24 -\ C=12

Figure 1 The relative atomic mass of '3C
atom is 12. Compared with this, the A_of
helium is 4 and the A_of magnesium is 24.

RM.DL.BOOKS GROUPS
Quantitative chemistry

Relative masses and moles

When different types of atom combine chemically, a compound is formed.

Sometimes atoms react together by transferring electrons to form chemical
bonds. This happens when metals react with non-metals. If the reacting atoms
are all non-metallic, then the atoms share electrons to form chemical bonds.

Forming ions

As you will recall from Chapter 2, when a metal bonds with a non-metal, the

metal atom gives one or more electrons to the non-metal atom. Both atoms

become charged particles called ions.

B Metal atoms form positively charged ions. Their atoms lose electrons, for
example, Li, which contains three protons and three electrons, forms Li*,
which contains three protons and two electrons.

® Non-metal atoms form negatively charged ions. Their atoms gain electrons,
for example, F, which contains nine protons and nine electrons, forms F-,
which contains nine protons and ten electrons.

The ions formed attain the stable electronic structure of the nearest noble gas
to them in the periodic table. So the electronic structure of Li* is 2 (the same as
a helium atom) and F- is 2,8 (the same as a neon atom).

Within these compounds made from metals and non-metals, there are strong
electrostatic attractions between the positive and negative ions, forming the
chemical bonds (called ionic bonds).

Forming molecules

Non-metal atoms bond to each other in a different way. The outermost shells of
their atoms overlap and they share electrons. Each pair of shared electrons
forms a chemical bond between the atoms. Molecules are formed, such as
hydrogen sulfide, H,S, and methane, CH,,.

Relative atomic masses

The mass of a single atom is so tiny that it would not be practical to use it in
experiments or calculations. So instead of working with the actual masses of
atoms, use the relative masses of atoms of different elements. We call these
relative atomic masses (A).

Scientists use an atom of carbon-12 ('3C) as a standard atom. They give this a
‘mass’ of exactly 12 units, because it has 6 protons and 6 neutrons. They then
compare the masses of atoms of all the other elements with this standard carbon
atom. Relative atomic mass A, is the average mass of naturally occurring atoms
of an element on a scale where 2C has a mass of exactly 12 units.

The A takes into account the proportions of any isotopes of the element found
naturally (this is why chlorine has a relative atomic mass of 35.5, although you
could never have half a proton or neutron in an atom).

Relative formula masses

You can use the A of the various elements to work out the relative formula
mass (M) of compounds. This is true whether the compounds are made up of
molecules (in which case, the term ‘relative molecular mass' can be used), or
ions. A simple example is a substance such as sodium chloride.

-—
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Quantitative chemistry

The A of sodium is 23 and the A_of chlorine is 35.5. So the relative formula
mass of sodium chloride (NaCl) is:
23 +355= 585
A:Na A:Cl M :NaCl
You can use the same approach with relatively complicated molecules such as
sulfuric acid, H,SO,. Hydrogen has a A_of 1, the A_of sulfur is 32, and the A of
oxygen is 16. This means that the M, of sulfuric acid is:

(1x2)+32+(16 x4)=2+32+64 =98
Moles

Saying or writing ‘relative atomic mass in grams’ or ‘relative formula mass in
grams’ is rather clumsy. So chemists have a shorthand word to describe this
amount of substance, a mole.

They say that the relative atomic mass in grams of carbon (i.e., 12g of carbon) is a
mole of carbon atoms. One mole is simply the relative atomic mass or relative
formula mass of any substance expressed in grams. A mole of any substance
always contains the same number of atoms, molecules, or ions. This huge
quantity, called the Avogadro constant, is 6.02 x 10% per mole. So chemists
prefer to use the mole when describing relative numbers of particles in a certain
mass of substance. They use the equation:

number of moles = ma:s (9) or maﬂs; (@)

to tell them the number of moles in a given mass of a substrance. So if you have

120g of carbon you have % = 10 moles of C atoms, or if you have 9.8 of

sulfuric acid you have 4§ = 0.1 moles of H,SO, molecules.

Re-arranging the equation lets us work out the mass of a certain number of
moles of substance:

mass (g) = number of moles x A,

mass (g) = number of moles x M,

Summary questions
1 a Define the term ‘relative atomic mass’ of an element.

b Explain why it is possible to have relative atomic masses which are not
whole numbers, for example, A, of chlorine (Cl) is 35.5.

2 What is the relative formula mass of each of the following?
a S, (A value: S = 32)
b MgF, (A values: Mg=24,F =19)
¢ CuSO, (A values: Cu=63.5,8=232,0=16)
d CH,O; (A values: C=12,H=1, O = 16)

3 The relative atomic mass (A) of helium is 4, and that of sulfur is 32.
a How many times heavier is a sulfur atom than a helium atom?
b How many moles of helium atoms are there in:
i 16gofhelium? ii 0.02g of helium?
¢ How many moles of sulfur atoms are there in:
i 9.6g of sulfur?
ii 16 tonnes of sulfur (where 1 tonne = 1000kg)?

4 What is the mass of the following?
a 0.5 moles of aluminium, Al
b 50 moles of calcium carbonate, CaCO,
¢ 0.05 moles of hydrogen, H,
d 0.6 moles of phosphorus, P,
\ (Find the A values needed from the periodlic table.) )

S S GHN—

.’)? Did you know ... ?

If you had as many soft drink
cans as there are atoms ina
mole, they would cover the

surface of the Earth to a depth

. of 200 miles!

You don’t have to remember
the number 6.02 x 10%. The
relative atomic masses of
elements are always provided.
But do practise calculating the
mass of one mole of different
substances from their formula
and the relative atomic masses
that you are given, as well as
the number of moles in a given

. mass of substance.

Key points

B Compare the masses
of atoms by measuring
them relative to atoms of
carbon-12.

® Work out the relative formula
mass of a compound by
adding up the relative atomic
masses of the elements in
it, in the ratio shown by its
formula.

® One mole of any substance
is its relative formula mass,
in grams.

\ ; ' J

B Number of moles =

mass (g) or Mass (9
A M




Learning objectives

After this topic, you should
know:

= how to calculate the

percentage of an element in
a compound from its formula

= how to calculate the empirical
formula of a compound from
its percentage composition.

To calculate the

percentage of an element
in a compound:

B Write down the formula of
the compound.

B Using the A values from your
data sheet in the exam, work
out the M of the compound.
Write down the mass of each
element making up the
compound as you work it
out.

B Write the mass of the
element you are
investigating as a fraction of
the M.

B Find the percentage by
multiplying your fraction by
100.

. P L
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Percentages by mass and

empirical formulae

You can use the relative formula mass of a compound to calculate the
percentage mass of each element in it.

Working out the percentage by mass of an element in a
compound

‘ Worked example 1 l

What percentage of the mass of magnesium oxide is actually magnesium?

Solution
You need to know the formula of magnesium oxide: MgO

The A, of magnesium is 24 and the A of oxygen is 16.

Adding these together gives us the relative formula mass (M) of MgO,
that is, 24 + 16 = 40

So in 40g of magnesium oxide, 24 g is actually magnesium.
The fraction of magnesium in MgQO is:

mass of magnesium 24
total mass of compound ~ 40

so the percentage of magnesium in the compound is:

i—g % 100% = 60%

Worked example 2

A pure white powder is found at the scene of a crime. It could be

strychnine, a deadly poison with the formula C_,H_N.O,, but is it?

When a chemist analyses the powder, she finds that 83% of its mass is
carbon. What is the percentage mass of carbon in strychnine? Is this the
same as the white powder?

Solution

Given the A values: C =12, H =1, N = 14, O = 16, the relative formula

mass (M) of strychnine is:
(12x21)+(1x22)+(14x2)+ (16 x 2) =252 + 22 + 28 + 32 =334

The percentage mass of carbon in strychnine is therefore:

252 ks
334 % 100 =75.4% (to 3 s.f)
This is not the same as the percentage mass of carbon in the white

powder - so the white powder is not strychnine.
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Working out the empirical formula of a compound from the
masses or percentage of the elements in the compound

You can find the percentage of each element in a compound by experiments.
Then you can work out the simplest ratio of each type of atom in the
compound. This simplest (whole-number) ratio is called its empirical formula.

This is sometimes the same as the actual number of atoms in one molecule (which
is called the molecular formula) - but not always. For example, the empirical
formula of water is H,O, which is also its molecular formula. However, hydrogen
peroxide has the empirical formula HO, but its molecular formula is H,O,.

Percentages bymassand empiricalformulae

Worked example 3

A hydrocarbon contains 75% carbon and 25% hydrogen by mass. What is
its empirical formula? (A, values: C=12, H=1)

Solution
Imagine you have 100g of the compound. Then 75g is carbon and 25g is
hydrogen.

Work out the number of moles by dividing the mass of each element by its
relative atomic mass:

For carbon: % = 6.25 moles of carbon atoms

For hydrogen: 21—5 = 25 moles of hydrogen atoms

So this tells us that 6.25 moles of carbon atoms are combined with 25
moles of hydrogen atoms.

This means that the ratio is 6.25 (C):25 (H).

So the simplest whole-number ratio is 1:4 (by dividing both numbers by
the smallest number in the ratio).

In other words each carbon atom is combined with four hydrogen atoms.

So the empirical formula of the compound is CH,.

Summary questions
1 What is the percentage mass of hydrogen in hydrogen sulfide, H,S?

(A values: H=1, §=32)

2 Ammonium sulfate, (NH,),SO,, is used as a fertiliser. What is the
percentage mass of nitrogen in it?
(A values:H=1,N=14,0=16, S =32)

3 A compound contains 40% sulfur and 60% oxygen by mass. What is its
empirical formula?
(A, values: S =32, O = 16)

4 22.55% of the mass of a sample of phosphorus chloride is phosphorus.
What is the empirical formula of phosphorus chloride?
(A, values: P =31, Cl = 35.5)

5 10.8¢g of aluminium react exactly with 9.6 g of oxygen. What is the
empirical formula of the compound formed?

\ (A, values: Al =27, 0 = 16) )

To work out the formula from

percentage masses:

B Change the percentages
given to the masses of each
element in 100g of
compound.

B Change the masses to moles
of atoms by dividing the
masses by the A values.
This tells you how many
moles of each different
element are present.

B From this you can work out
the ratio of atoms of the
different elements in the
compound.

B Then the simplest whole-
number ratio gives you the
empirical formula of the
compound.

Key points

B The relative atomic masses of
the elements in a compound
and its formula can be used
to work out its percentage
composition.

B You can calculate empirical
formulae given the masses or
percentage composition of

elements present.
J
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Learning objectives

After this topic, you should
know:

= what balanced symbol

equations tell us about
chemical reactions

= how to use balanced symbol
equations to calculate
masses of reactants and
products.

RM.DL.BOOKS GROUPS
Quantitative chemistry

Equations and calculations

Chemical equations can be very useful. When you want to know how much of
each substance is involved in a chemical reaction, you can use the balanced
symbol equation.

Think about what happens when hydrogen molecules (H,) react with chlorine
molecules (CL). The reaction makes hydrogen chloride molecules (HCI):

H, + Cl, — HCI (not balanced)
This equation shows the reactants and the product - but it is not balanced.
Here is the balanced equation:

H, + Cl, — 2HCI

This balanced equation tells us that ‘1 hydrogen molecule reacts with

1 chlorine molecule to make 2 hydrogen chloride molecules’. But the balanced
equation also tells us the number of moles of each substance involved. So our
balanced equation also tells us that ‘1 mole of hydrogen molecules reacts with
1 mole of chlorine molecules to make 2 moles of hydrogen chloride molecules’.

1 hydrogen molecule 1 chlorine molecule 2 hydrogen chloride molecules
H, + Cl, e 2HCI
1 mole of hydrogen 1 mole of chlorine 2 moles of hydrogen
molecules molecules chloride molecules

Using balanced equations to work out reacting masses

The balanced equation above is really useful, because you can use it to work
out what mass of hydrogen and chlorine react together. You can also calculate
how much hydrogen chloride is made.

To do this, you need to know that the A_for hydrogen is 1 and the A for
chlorine is 35.5:

A, of hydrogen =1 ... somass of 1 moleof H,=2x1=2g
A, of chlorine = 35.5 ... somass of 1 mole of Cl,=2x355=71g
M_of HCl=(1 +35.5) =36.5 ... so mass of 1 mole of HCI = 36.5g

Our balanced equation tells us that 1 mole of hydrogen reacts with 1 mole of
chlorine to give 2 moles of HCI. So turning this into masses:

1 mole of hydrogen= 1 x2g = 2g¢g
1 mole of chlorine = 1x71g = T1g
2 moles of HCI = 2x36.5g= 739
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Calculations

These calculations are important when you want to know the mass of chemicals
that react together. For example, sodium hydroxide reacts with chlorine gas to
make bleach.

Here is the balanced symbol equation for this reaction:

2NaOH + Cl, — NaOCl + NaCl+ H,0O
sodium hydroxide chlorine bleach salt water

This reaction happens when chlorine gas is bubbled through a solution of
sodium hydroxide.

If you have a solution containing 100 g of sodium hydroxide, how much
chlorine gas is needed to convert it to bleach? Too much, and some chlorine
will be wasted. Too little, and not all of the sodium hydroxide will react.

(A, values:H=1,0=16,
Na = 23 and Cl = 35.5)

Mass of 1 mole of
NaOH Cl,
=23+16+1=40 =355x2 =71

The table shows that 1 mole of sodium hydroxide has a mass of 40g.

So 100g of sodium hydroxide is % = 2.5 moles.

The balanced symbol equation tells us that for every 2 moles of sodium
hydroxide you need 1 mole of chlorine to react with it.

So you need 2?5 = 1.25 moles of chlorine.

The table shows that 1 mole of chlorine has a mass of 71g.

So you will need 1.25 x 71 = 88.75 g of chlorine to react with 100 g of sodium
hydroxide.

Summary questions
1 ‘2HCI’ can have two meanings. What are they?

2 Magnesium bums in oxygen with a bright white flame:
2Mg(s) + O,(g) = 2MgO(s)

What mass of oxygen will react exactly with 6.0g of magnesium?
(A values: O =16, Mg = 24)

3 a An aqueous solution of hydrogen peroxide, H,0,, decomposes to

form water and oxygen gas. Write a balanced symbol equation,

including state symbols, for this reaction.
b When hydrogen peroxide decomposes, what mass of hydrogen

peroxide is needed in solution to produce 1.6 g of oxygen gas? ® Balanced symbol equations

(A values: H=1, O =16) tell us the number of moles

of substances involved in a
chemical reaction.

4 When a small lump of calcium metal, Ca, is added to water it reacts
giving off hydrogen gas. A solution of calcium hydroxide, Ca(OH),, is

also formed in the reaction. (A values: Ca =40, O =16, H=1) ® Use balanced symbol
a Write a balanced symbol equation, including state symbols, for the equations to calculate the
reaction. masses of reactants and
b Calculate how much calcium metal must be added to an excess of products in a chemical
\ water to produce 3.7 g of calcium hydroxide in solution. ) ! reaction. )

S § G
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The yield of a chemical reaction

Many of the substances that you use every day have to be made from other
chemicals. This may involve using complex chemical reactions. Examples include
the plastics and composites used in your phones and computers, the ink in your
pen or printer, and the artificial fibres in your clothes. All of these are made using

Learning objectives

After this topic, you should

Knove chemical reactions.
® what is meant by the yield of ‘ ‘
a chemical reaction Imagine a reaction: A+2B - C
B what bictors can affectihe If 1000kg of C is needed, you cgn work
yield out how much A and B are required.
You need to know the relative formula
¥ how to calculate the masses of A, B, and C, and the
percentage yield of a balanced symbol equation. {mactnts) (producy
chemical reaction.
\_ _J  Ifyou carry out the reaction, it is unlikely that you will get as much of C as

you worked out. This is because your calculations assumed that all of the
reactants A and B would be turned into product C. The amount of product that
a chemical reaction produces is called its yield.

It is useful to think about reactions in terms of their percentage yield. This compares
the amount of product that the reaction really produces with the maximum amount
that it could possibly produce, predicted from the balanced symbol equation:
amount of product produced

- - x 100%
maximum amount of product possible

Percentage yield =

Calculating percentage yield

Worked example

Limestone is made mainly of calcium carbonate. Crushed lumps of
limestone are heated in a rotating lime kiln. The calcium carbonate
decomposes to make calcium oxide, and carbon dioxide gas is given off.
A company processes 200 tonnes of limestone a day. It collects 98 tonnes
of calcium oxide, the useful product. What is the percentage yield of the
reaction in the kiln, assuming limestone contains only calcium carbonate?
(A values: Ca=40,C=12,0=16)

Solution

calcium carbonate — calcium oxide + carbon dioxide
CaCO,(s) —  CaOfs) + CO,(9)

Work out the relative formula masses of CaCO, and CaO.

M of CaCO, =40+12+ (16 x3) =100

M ofCaO =40+16 =56
So the balanced symbol equation tells us that:
100 tonnes of CaCO, could make 56 tonnes of Ca0, assuming a 100% yield.
Therefore 200 tonnes of CaCO, could make a maximum of (56 x 2) tonnes

of CaO = 112 tonnes.

gep amount of product produced

S0 parcentane yield = maximum amount of product possible
98

.- - 9
=1 qg % 100 =87.5%

-

x 100%
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The yield of a chemical reaction

This yield can be explained as some of the limestone is lost as dust in the
crushing process and in the rotating kiln. There will also be some other mineral
compounds in the limestone. It is not 100% calcium carbonate as assumed in
the calculation.

Very few chemical reactions have a yield of 100% for the following reasons:

B The reaction may be reversible (so as products form they react to re-form the
reactants again).

B Some reactants may react to give unexpected or unwanted products in
alternative reactions.

B Some of the product may be lost in handling or left behind in the apparatus.

B The reactants may not be pure.

B Some of the desired product may be lost during separation from the reaction
mixture.

Sustainable production

Chemical companies use reactions to make products they sell. Ideally, they
want to use reactions with high yields (that also happen at a reasonable rate).
Making a product more efficiently means making less waste. As much product
as possible should be made from the reactants.

Chemical factories (or plants) are designed by chemical engineers. They
design a plant to work as safely and economically as possible. It should waste O links
as little energy and raw materials as possible. This helps the company to make For information about using

money. It is better for the environment too as it conserves our limited balanced symbol equations to
resources. It also reduces the pollution from the use of fossil fuels as sources predict reacting masses, look back
of energy. to 8.4 ‘Equations and calculations’.

Summary questions
1 Explain generally why it is good for the environment if industry finds =
ways to make products using high yield reactions and processes that Key points

waste as little energy as possible.

B The yield of a chemical

2 List the factors that can affect the percentage yield of a reaction. reaction describes how much
3 If the percentage yield for a reaction is 100%, 60 g of reactant A would product is made.
make 80g of product C. How much of reactant A is needed to make 80g ® The percentage yield of a
of product C if the percentage yield of the reaction is only 75%7? chemical reaction tells us
4 Ammonia gas (NH,) is made by heating the gases nitrogen and how much product is made
hydrogen under pressure in the presence of an iron catalyst: compared with the maximum
amount that could be made
N,(g) + 3H,(g) - 2NH,(g) (100%)

If 7.0g of nitrogen are reacted with excess hydrogen and 1.8¢ of

ammonia is collected, what is the percentage yield? = Factors affecting the yield of

a chemical reaction include

5 Sodium hydrogencarbonate, NaHCO,, can be converted into sodium product being left behind in the
carbonate, Na,CO,, by heating. This is a thermal decomposition reaction apparatus, reversible reactions
in which water vapour and carbon dioxide are also preducts of the not going to completion, some
reaction. A student started with 16.8 g of sodium hydrogencarbonate and reactants possibly producing
collected 9.20g of sodium carbonate. unexpected reactions, and
a Write a balanced symbol equation for the thermal decomposition of losses in separating the

sodium hydrogencarbonate. products from the reaction
\ b What percentage yield did the student obtain? ) ! mixture. )

S N GES—



Learning objectives

After this topic, you should
know:

® how to measure accurately
the amount of acid and
alkali that react together
completely

® how to determine when the
reaction is complete.

QD links

For information about strong and
weak acids see 14.3 ‘Carboxylic
acids and esters”.

D links

For more information on
neutralisation reactions, look back
at 7.2 ‘Making soluble salts from
metals or insoluble bases’ and 7.3
‘Making salts by neutralisation and
precipitation’.

Study tip

Use a pipette to measure out
a fixed volume of solution.
Use a burette to measure
the volume of the solution

| added.

RM.DL.BOOKS GROUPS
Quantitative chemistry

Titrations

An acid and an alkali (a soluble base) react together and neutralise each other.
They form a salt (plus water) in the process.

Suppose you mix a strong acid and a strong alkali. The solution made will be
neutral only if you add exactly the right quantities of acid and alkali.

If you start off with more acid than alkali, then the alkali will be neutralised.
However, the solution left after the reaction will be acidic, not neutral. This is
because some acid will be left over. The acid is said to be in excess. If you
have more alkali than acid to begin with, then all the acid will be neutralised
and the solution left will be alkaline.

You can measure the exact volumes of acid and alkali needed to react with
each other using a technique called titration. The point at which the acid and
alkali have reacted completely is called the end point of the reaction. You
should judge when the end point is reached by using an acid/base indicator.

Required practical
Carrying out a titration

In this experiment you can carry out a titration. You will find out how much

acid is needed to completely react with an alkali.

1 Measure a known volume of alkali into a conical flask using a volumetric
pipette. Before doing this, you should first wash the pipette with distilled
water, and then with some of the alkali.

Figure 1 A volumetric pipette and pipette filler. Fill the pipette until the bottom of the
meniscus (curved surface of the solution) coincides with the mark. Allow the liquid to
run out of the pipette and touch the tip on the side of the flask to drain out the solution.
It is normal for a tiny amount of solution to remain in the pipette.

2 Now add a few drops of acid/base indicator to the solution in
the flask and swirl. Commonly used examples are methyl orange or
phenolphthalein.

3 Pour the acid you are going to use into a burette. This is a long tube with
a tap on one end. The tube has markings on it to enable you to measure
volumes accurately (often to the nearest 0.05cm?). Before doing this, you
should first wash the burette with distilled water, and then with some of
the acid.

L
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4 Record the reading on the burette. Then open the tap to release a small
amount of acid into the flask. Swirl the flask to make sure that the two
solutions are mixed.

=

&

Burette
/

&

Tt I

5
ulinn

&
nn

Wil AN

&

Dol

=

A\

Tap

=

Figure 2 A burette — use the bottom of the meniscus to read the scale. The reading
here is 0.65cm°.

5 Keep on repeating step 4 until the indicator in the flask changes colour.
This shows when the alkali in the flask has completely reacted with the
acid added from the burette. Record the reading on the burette and work
out the volume of acid run into the flask. (On your first go at doing this
you will probably run too much acid into the flask, so treat this as a
rough estimate of how much acid is needed.)

6 Repeat the whole process at least three times. Discard any anomalous
results. Then calculate an average (mean) value to give the most accurate
results possible. Altematively, repeat the titration until you get two
consecutive identical results. These are called concordant results. In practice,
aim for two results within 0.10cm? of each other and take their average.

7 Having found out how much acid was required to neutralise the alkali,
you can now use your results to calculate the concentration of the alkali.

Safety: Wear eye protection. Chemicals in this practical may be harmful

e‘ irritant. )

Summary questions
1 What word do scientists use for a set of repeat readings with a very

narrow range? (Hint: see pages 194-195 in the ‘Experimental data
handling’ section.)

2 a What word is used for the curved surface of a liquid in a measuring
cylinder?
b i Name two measuring instruments used to measure volumes of
liquid in a titration.
ii What is the correct way to read the volume from the level of liquid
in one of these measuring instruments.

3 a Describe how to carry out a titration between dilute nitric acid of known
concentration and sodium hydroxide solution of unknown concentration.
b Write a balanced symbol equation, including state symboils, for the
reaction in part a.

4 a Name two acid/base indicators that can be used in the titration
between dilute hydrochloric acid and sodium hydroxide solution.
b Explain what makes a good indicator for a titration between an acid

k and an alkali. )

——————————————————————— e

CO links

For more information on
calculations, see 8.7 ‘Titration
calculations’.

B Titration is used to measure
accurately how much acid
and alkali react together
completely.

® The point at which an acid-
alkali reaction is complete
is called the end point of the
reaction.

B Use an acid/base indicator
to show the end point of the
reaction between an acid and

an alkali.
- _J
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Titration calculations

Calculating concentrations

Learning objectives
The concentration of a solute in a solution is the number of moles of solute

After this topic, you should dissolved in one cubic decimetre of solution. Write these units as moles per
know: decimetre cubed or mol/dm? for short. So if you know the mass of solute
® how to calculate dissolved in a certain volume of solution, you can work out its concentration.
concentrations from reacting As an example, imagine that you make a solution of sodium hydroxide in water.
volumes of solutions You dissolve exactly 40g of sodium hydroxide to make exactly 1dm? of solution.
® how to calculate the amount You know how to work out the mass of 1 mole of sodium hydroxide (NaOH).
of acid or alkali needed in a Add up the relative atomic masses of sodium, oxygen and hydrogen:
neutralisation reaction. y 23 (Na) + 16 (O) + 1 (H) =40g = mass of 1 mole of NaOH

Therefore the solution contains 1 mole of sodium hydroxide in 1dm?® of
solution. So the concentration of sodium hydroxide in the solution is 1 mol/dm?®.
See Worked example 1.

Sometimes you know the concentration of a solution and need to work out the
mass of solute in a certain volume. See Worked example 2.

I Worked example 1 .

What if you use 20 g of sodium hydroxide to make 200cm? of solution instead of 40g in 1dm?3? What will be the
concentration of the sodium hydroxide in mol/dm®? (Note that 1dm?® =1000cm?))

Solution

To find the concentration of the solution you must work out how much sodium hydroxide there would be if you had
1000 cm?® (1dm?®) of the solution.

20g of NaOH are dissolved in 200cm? of solution, so

2250 g of NaOH would be dissolved in 1cm?® of solution, and
2250 x 1000g = 100g of NaOH would be dissolved in 1000 cm?® of solution.

The mass of 1 mole of NaOH is 40g, so

100g of NaOH is 100

Ea moles = 2.5 moles

2.5 moles of NaOH are dissolved in 1dm?® of solution. So the concentration of NaOH in the solution is 2.5 mol/dm?.
Worked example 2

What mass of potassium sulfate, K,SO,, is there in 25 cm? of a 2.0mol/dm?® solution?

Solution
In 1dm? of solution there would be 2moles of K, SO,

The mass of 1mole of K SO, is (2 x 39) + 32 + (4 x 16)g = 1744, so in 1000cm? of solution there would be

(174 x 2) = 3489 of K,SO,, and in 1cm?® of solution there are 130(?0 g of K,SO,
348
3 Pl
So in 25 cm? of solution there are 1000 % 25g of K,SO, =8.7g of K,SO,

There is 8.7g of K,SO, in 25cm?® of 2.0mol/dm? potassium sulfate solution.

e
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Titration calculations

Titration calculations

In a titration you always have one solution with a concentration which you know
accurately. This is put in the burette. Then you can place the other solution, with
an unknown concentration, in a conical flask using a volumetric pipette. This
ensures you know the volume of this solution accurately. The result from the
titration is used to calculate the number of moles of the substance in the
solution in the conical flask. See Worked example 3.

l Worked example 3 .

A student put 25.0cm?® of sodium hydroxide solution of unknown concentration into a conical flask using a volumetric
pipette. The sodium hydroxide reacted with exactly 20.0cm? of 0.50mol/dm? sulfuric acid added from a burette.
What was the concentration of the sodium hydroxide solution in mol/dm?3?

Solution
The equation for this reaction is:
2NaOH(aq) + H,S0,(aq) — Na,SO,(aq) + 2H,0O(l)
This equation tells us that 2 moles of NaOH reacts with 1 mole of H,SO,.
The concentration of the H,SO, is 0.50 mol/dm?, so
0.50 moles of H,SO, are dissolved in 1000cm?® of acid, and

0.50 ; i i i
1000 moles of H,SO, are dissolved in 1cm?® of acid, therefore Key points

050 x 20.0 moles of H,SO, are dissolved in 20.0cm? of acid. ® To calculate the

1000
concentration of a solution,
So there are 0.010 moles of H, SO, dissolved in 20.0cm? of acid. given the mass of solute in a

The equation for the reaction tells us that 0.010 moles of H,SO, will react with certain volume:

exactly 2 x 0.010 moles of NaOH. This means that there must have been 1 Calculate the mass
0.020 moles of NaOH in the 25.0 cm? of solution in the conical flask. To (in grams) of solute in
calculate the concentration of NaOH in the solution in the flask you need to 1cm? of solution.
calculate the number of moles of NaOH in 1dm? (1000 cm?®) of solution. 2 Calculate the mass

(in grams) of solute in

; . . ;
0.020 moles of NaOH are dissolved in 25.0cm? of solution, so 1000 crr® of solution.

u.ggo moles of NaOH are dissolved in 1 cm? of solution, and there will be 3 Convert the mass (in
0.020 grams) to moles.

- H 3 1
o5 x 1000 = 0.80 moles of NaOH in 1000 cm? of solution. 8 To caloilataibaifiass of

solute in a certain volume
of solution of known
concentration:

Summary questions 1 Calculate the mass
In a titration, a 12.5cm?® sample of nitric acid (HNO,) reacted exactly with (in'grame) of the ecluia

e 2 4
10.0cm? of 0.40 mol/dm?® potassium hydroxide solution. Answer questions there is in 1dm® (1000 cmv)

The concentration of the sodium hydroxide solution is 0.80 mol/dm?.

of solution.
1 to 4 below:
0 4 below 2 Calculate the mass
1 Write down a balanced symbol equation, including state symbols, for (in grams) of solute in
this reaction. 1cm? of solution.
2 Calculate the number of moles of potassium hydroxide used. 3 Calculate the mass

(in grams) of solute there
is in the given volume of

\4 Calculate the concentration of the nitric acid in mol/dm?® and in g/dm?®. J the solution.
\ J

S § G,

3 How many moles of nitric acid react?




Learning objectives

After this topic, you should
know:

® how to calculate the volume
of a gas at room temperature
and pressure from its mass
and relative formula mass

B how to calculate volumes
of gaseous reactants and
products from a balanced
equation and a given volume
of a gaseous reactant or
product.

Figure 1 Crash-test dummies are used to
gauge the best volume of gas to cushion
the effects of a collision. A sensor detects
the sudden deceleration and completes
an electrical circuit to ignite the chemicals
in the air-bag.

RM.DL.BOOKS GROUPS
Quantitative chemistry

Volumes of gases

Having air-bags in cars has saved many lives. When a crash takes place, the
chemicals in the bags react together to rapidly give off nitrogen gas, N,. The
reacting chemicals have to release just the right volume of gas to make the air-bag
act like a cushion, reducing the damage caused to the occupants of the car.

The designers of air-bags can calculate the volume of gas produced from the
balanced equation for the reaction (see the Worked examples below). This tells
them how many moles of gas are made, as it has been found that equal
numbers of moles of any gas occupy the same volume.

The volume of 1 mole of any gas occupies 24dm?® (24 000cm?) at room
temperature and pressure, that is, at 20°C and 1 atmosphere.

24dm?/mol is known as the molar gas volume. This data is always provided if
needed to answer a question. Using the known volume of 1 mole of gas:

volume of gas (dm®)  volume of gas (cm?)
number of moles of gas = 24dme = 34000 cm°

Calculating volumes of gaseous reactants or products

You can use a balanced symbol equation to find the numbers of moles of
reactants and products in reactions involving gases.

This is straightforward if the reaction involves more than one gas and you are given
the volume of one of the gases. The ratio of the numbers of moles in the balanced
equation gives you the ratio of the volume of gases involved. This is because the
same number of moles of any gas occupies the same volume. For example, as
you saw on page 46, hydrogen and chlorine react to make hydrogen chloride:

H,(g) + Cl(g) — 2HCI(g)

w—

orked example 1

One make of car has an air-bag that is inflated by 70.0 g of nitrogen, N,,,
when activated.

What volume would the nitrogen gas occupy at room temperature
and pressure? (A of N=14)

Solution
First of all you have to find out how many moles of nitrogen gas are in 70.0g of N,,.

You have seen on page 101 that:

mass
number of moles =

relative formula mass (in g)

The relative formula mass of N, = (14 x2) =28 g
So the number of moles of N, gas = % =2.5mol
To find the volume that 2.5mol of N, gas will occupy, you must first

rearrange the equation:

volume of gas (dm?)
number of moles of gas = 54 dm?

To get:
volume of gas (dm?®) = number of moles x 24 dm?

So the volume of nitrogen gas = 2.5 x 24dm?® = 60dm?®

—
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Volumes of gases

1 mole of hydrogen gas reacts with 1 mole of chlorine gas to give 2 moles of
hydrogen chloride gas. So the ratio of moles of H,(g) : Cl,(g) : HCl(g)is 1:1: 2.
So if you start with 50cm? of H,(g), it will react with 50cm?® of Cl,(g) to give
100cm? of HCI(g).

The problems are more complex if you have reactions of solids and/or
solutions that produce a gas. However, working logically from the numbers
of moles in the balanced equation will allow you to solve them.

I Worked example 2 ‘

The nitrogen gas produced in an air-bag is formed in two reactions. In the first reaction, a solid called sodium
azide, NaN,, is ignited and decomposes, producing the majority of the gas to fill the air-bag:

2NaN,(s) — 2Na(s) + 3N,(a)
What mass of sodium azide would be needed to produce 48.0dm? of nitrogen gas at room temperature and pressure?
(A, of N=14, Na=23)

Solution

You want to make 48.0dm?® of nitrogen gas, so convert that to moles using:

volume of gas (dm 48.0dm?
number of moles of gas = 54 d?ﬁ (dm?) = SAdm? = 2 moles of N,(g)

The balanced equation for the reaction shown above tells us that:
2moles of NaN,(s) — 2 moles of Na(s) + 3 moles of N,(g)

So the ratio you need from the equation is:

2mol NaN,(s) : 3mol N,(g)

Dividing this ratio by 3 means that %mol NaN,(s) would give 1mol N,(g), and then multiplying by 2 (so you get two

4
moles of N, gas) means that Emol NaN_(s) would give 2mol N,(g).
Using the equation:
mass = number of moles x relative formula mass

you get the mass of ;—1 moles of NaN.(s) :g x [23 + (14 x 3)]g = 86.7 g (answer given to 3 significant figures)

Summary questions
1 What is meant by the ‘molar gas volume’?

2 a How many moles of gas are present in:

i 36dm? of carbon dioxide, CO,(9)? Key pOil‘ltS
ii 10000dm? of hydrogen, H,(g)?

b What volume would be occupied by: B A certain volume of gas
i 36.0g of helium, He(g)? always contains the same
ii 13.8g of nitrogen dioxide, NO,(g)? number of gas molecules
¢ What mass of gas is present in 48cm?® of oxygen, 0,? (Take care with under the same conditions.
its!
g unitsy B The volume of 1 mole of any
3 When methane gas bums completely in air, it forms carbon dioxide and water: gas at room temperature
CH,(g) +20,(aq) — CO,(g) +2H,0(g) and pressure is 24dm?
What volume of oxygen gas is needed to bum 150 dm? of methane? (24000 cm?d).
4 Calcium reacts with dilute hydrochloric acid vigorously, giving off ® You can use the molar
hydrogen gas: gas volume and balanced
Ca(s) + 2HCl(aq) — CaCl (aq) + H,(g) symbol equations to
What volume of hydrogen would be produced when 0.80 g of calcium is calculate volumes of gaseous
\ added to excess dilute acid? J reactants or products.
\_ J

_— -
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Quantitative chemistry

Chapter summary questions

1 Calculate the mass of 1 mole of each of the following b If 14.00g of ethene reacts with excess steam to

compounds: produce 17.25¢g of ethanol, what is the percentage

a H,S b SO, ¢ CH, yield of the reaction?

d NaOH e Na,CO, f AlL(SO,), 8 Sulfuris mined in Poland and is brought to Britain in ships.
The sulfur is used to make sulfuric acid. Sulfur is bumt in air

g NaAl(OH), to produce sulfur dioxide. Sulfur dioxide and air are passed

(A values: H=1,C=12,0=16,Na=23, Al =27, over a heated catalyst to produce sulfur trioxide. Water can

S=232) be added to sulfur trioxide to produce sulfuric acid.

% How many moles of: The reactions are:

a Ag atoms are there in 27 g of silver? S+0, - 80,

‘ ‘ 280, + 0, = 280,
b Fe atoms are there in 0.056 g of iron? SO, + H,0 - H,S0,
¢ P, molecules are there in 6.2g of phosphorus? (Avalues: H=1,0=16,S =32

(A, values: P =31, Fe = 56, Ag = 108) a How many moles of sulfuric acid could be produced

) ) from one mole of sulfur?
3 a The chemical formula of ethane is C,H,. Work out the

percentage by mass of carbon in ethane. b Calculate the maximum mass of sulfuric acid that can

) be produced from 64 kg of sulfur.
b Work out the mass of hydrogen present in 3.8g of

ethane. ¢ In an industrial process the mass of sulfuric acid that
was produced from 64.00 kg of sulfur was 188.16 kg.
Use your answer to part b to calculate the percentage
yield of this process.

(A values:H=1,C=12)

4 When aluminium reacts with bromine, 4.05g of aluminium

reacts with 36.0g of bromine. What is the empirical d Suggest two reasons why the yield of the industrial
formula of aluminium bromide? process was less than the maximum vyield.
(A, values: Al =27, Br = 80) 9 A student placed 12.5¢cm? of potassium hydroxide solution
of an unknown concentration into a conical flask using a
S Balance the following symbol equations: volumetric pipette. The potassium hydroxide reacted with
a Na+ Cl, - NaCl exactly 20.0cm?® of 0.50 mol/dm?® hydrochloric acid which

was added from a burette.
b Al+0,— ALO,

a Write the balanced
¢ Al(OH), - ALO, +H,0O

symbol equation,

d Ba(NO,)), - BaO +NO, + O, including state
e CH +0,-CO,+H0 symbols, for this
reaction.
6 In a lime kiln, calcium carbonate is decomposed to bi How many moles
calcium oxide: of hydrochloric
CaCO, — CaO + CO, acid are there in
3
1500 tonnes of calcium carbonate gave 804 tonnes of (2]053 vagf 5
calcium oxide. Calculate the percentage vyield for the 00 m
_— hydrochloric
R : acid?
(A, values: C=12, 0 =16, Ca = 40) ii  How many moles of potassium hydroxide will this
react with?
7 a Ethene gas (CH),) reacting with steam (H,0O) to form ‘ ) ‘ ‘
ethanol gas (C,H,OH) is a reversible reaction. Write the ¢ What is the concentration of the potassium hydroxide
balanced symbol equation for this reaction, including solution:

i in moles per dm??
i in grams per dm??
(A, values: K =39, 0=16,H=1)

. ———

state symbols.
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Practice questions

1 Use the relative atomic masses in the periodic table in the

following calculations.

a What is the relative formula mass of O,? (1)
b What is the relative formula mass of Ca(OH),? (1)
¢ How many moles of sodium hydroxide are there in
20g of NaOH? (2)
d What mass of ammonium nitrate is present in 2 mol of
NH,NO,? (2)

The element bromine is formed in the following reaction.
HBr +H,SO, —» H,0 + Br, + 80,
a Write a balanced equation for this reaction. (1)

b The formula of a bromine compound formerly used in
agriculture is CH,Br.

What is the percentage by mass of bromine in this
compound? (2)

¢ Another bromine compound contains 15.2% sodium
and 53.0% bromine by mass. The remainder is oxygen.

Calculate the empirical formula of this compound.  (4)

3 An experiment was carried out to investigate the

reduction of an oxide of copper.

Oxide of copper in a dish Excess

w hydrogen
=

Hydrogen F ' is burning
s ILI i e
. ! S
>

————

Heat
a The diagram shows the hydrogen burning at the end of
the tube.

What would be the risk if the hydrogen were not
bumt at the end of the tube? (1)

b A student observed some drops of a colourless liquid
inside the tube shortly after starting to heat it.

What is the liquid? Outline the reaction in which it

formed. (2)
¢ Describe how you could be certain that all the oxide
had completely changed into copper. 2

d A student recorded the following results:
mass of oxide before heating =5.72g

mass of copper formed =5.08¢
i Calculate the mass of oxygen in the oxide. (1)
ii Calculate the amount, in moles, of oxygen in the
oxide. (1)
iii Calculate the amount, in moles, of copper
formed. (1)
iv Calculate the empirical formula of the oxide. (2)

4 The symbol equation for a reaction used to make

potassium nitrate is:
KOH + HNO, — KNO, +H,0

a What is the simplest ionic equation for this
reaction? (1)

b In an experiment used to make potassium nitrate, it
was found that 27.80cm?® of nitric acid was needed to
neutralise 25.00cm? of potassium hydroxide solution.
i Which reactant solution is more concentrated?

Give a reason for your choice. (2)
ii Name the pieces of equipment used to measure
the volume of each reactant. (2)

¢ In another experiment to make potassium nitrate by the
same method, a student recorded these volumes, in
cm?, of nitric acid added:

26.85 27.20 26.10 26.20
i State which volumes should be used to calculate

the average volume of nitric acid added. (1)
i Calculate the average volume of nitric acid
added. 2)

d A student recorded the following information from a
titration.

Volume of 0.120 moles/dm?® KOH(aq) = 25.00cm?
Volume of HNO,(aq) = 28.50cm?®

Calculate the concentration of the nitric acid. (2)

A reaction used in industry to manufacture methanol is:
CO +2H, = CH,OH

A chemist investigated this reaction under different
conditions, starting with 56 g of carbon monoxide.

a What mass of hydrogen is needed to completely react
with this mass of carbon monoxide? (2)

b What is the maximum mass of methanol that can be
obtained from this mass of carbon monoxide? (2)

¢ In one experiment the chemist obtained 16 g of
methanol.

Calculate the percentage yield of methanol in this
experiment. (2)

e 1




Learning objectives

After this topic, you should
know:

chemical reaction

= what is meant by the rate of a

B how to find out the rate of a
chemical reaction.

J

Study tip

The steeper the line on the
|. graph, the faster the rate of
\ reaction.

Chapter 9 Rateés of reaction

The rate of a chemical reaction tells us how fast reactants turn into products. In
our bodies, there are lots of reactions taking place all the time. They happen at
the correct rate to supply our cells with what they need, whenever required.

Reaction rate is also very important in the chemical industry. Any industrial
process has to make money by producing useful products. This means the
right amount of product needed must be made as cheaply as possible. If it
takes too long to produce, it will be hard to make a profit when it is sold. The
rate of the reaction must be fast enough to make it quickly but safely.

How can you determine the rate of reactions?

Reactions happen at all sorts of different rates. Some are really fast, such as
the combustion of chemicals inside a firework exploding. Others are very slow,
such as an old piece of iron rusting.

There are two ways to work out the rate of a chemical reaction. You can
measure how quickly:

B the reactants are used up as they make products, or

B the products of the reaction are made.

Here are three ways you can make these kinds of measurement in experiments.

Required practical
M

easuring the decreasing mass of a reaction mixture

You can measure the rate at which the mass of a reaction mixture changes
if the reaction gives off a gas. As the reaction takes place, the mass of the
reaction mixture decreases. You can measure and record the mass at time
intervals which you decide.

Some balances can be attached to a computer to monitor the loss in mass
continuously.

Marble chips
(calcium carbonate) | |
and hydrochloric

mass of reacting mixture

time

B Why is the cotton wool placed in the neck of the conical flask?
B How would the line on the graph differ if you plot ‘Loss in mass’ on the
vertical axis?

\Safety: Wear eye protection. Dilute hydrochloric acid is an irritant. Y,
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Required practical
Measuring the increasing volume of

gas given off R“‘{ertUbing s

If a reaction produces a gas, you can use the y

gas to find out the rate of reaction. You do this [/

by collecting the gas and measuring the \

volume given off at time intervals.

B What are the sources of error when
measuring the volume of gas?

IJ r’\———@

Gas
syringe

volume of gas produced

Safety: Wear eye protection. Dilute
hydrochloric acid is an irritant.

eE— ; : time
; Marble chips and
\ hydrochloric acid

J

Required practical
Measuring the decreasing light passing

through a solution Reaction fastest

Some reactions in solution make a suspension of an E {otoopest slope)

insoluble solid (precipitate). This makes the solution go g

cloudy. You can use this to measure the rate at which B

the precipitate appears. =4 Reaction
= finished

The reaction is set up in a flask. Under the flask, put a

piece of paper marked with a cross. Then we can record the time taken for X

the cross to disappear. The shorter the time is, the faster the reaction rate. Hri

Alternatively, you can use a light sensor and data logger. Then measure the

amount of light passing through the solution over time, as the graph shows.

B What are the advantages of using a light sensor rather than the

\ ‘disappearing cross’ method? )

We can summarise these methods of working out the rate of a reaction using
this equation:
|:amount of reactant used or]

amount of product formed

Key points
= ® You can determine the rate
Summary questions
1 a Write a word equation and a balanced symbol equation, including

of a chemical reaction by
measuring the amount of
state symbols, for the reaction taking place in the practical box on the
previous page. ® Alternatively, you can

rate of reaction =

reactants used up over time.
b In the same experiment, there were some marble chips left when the
fizzing stopped. Why was no more gas given off?
¢ How can you tell from a graph of the experimental results when the
reaction had finished?

2 a Sketch graphs to show the results of:
i measuring the mass of products formed in a reaction over time
ii measuring the mass of reactants remaining in a reaction over time.
b What does the slope of the line at any particular time on the graphs in
\ part a tell us about the reaction? )

measure the rate of reaction
by following the amount of
products made over time.

The slope of the line at any
given time on the graphs
drawn from such experiments
tells us the rate of reaction

at that time: the steeper the
slope, the faster the reaction.

7

_——



Learning objectives

After this topic, you should
know:

rate of a chemical reaction

® the factors that can affect the

® collision theory

explain the effect of surface
area on reaction rate.

® how to use collision theory to

J

Figure 1 There is no doubt that the
chemicals in these fireworks have
reacted. But how can you explain what
happens in a chemical reaction?

Figure 2 Cooking — an excellent example

of controlling reaction rates!

RM.DL.BOOKS GROUPS
Rates of reaction

Collision theory and surface area

In everyday life, you often control the rates of chemical reactions without thinking
about it - for example, cooking cakes in an oven or revving up a car engine. In
chemistry you need to know what affects the rate of reactions. You also need to
explain why each factor affects the rate of a reaction.

There are four main factors which affect the rate of chemical reactions:
B temperature

B surface area

B concentration of solutions or pressure of gases

B presence of a catalyst.

Reactions can only take place when the particles (atoms, ions, or molecules) of
reactants come together. But the reacting particles do not just have to collide
with each other. They also need to collide with sufficient energy to cause a
reaction to take place. This is known as collision theory.

The minimum amount of energy that particles must have before they can react
is called the activation energy.

So reactions are more likely to happen between reactant particles if you:
B increase the frequency of reacting particles colliding with each other
B increase the energy they have when they collide.

If you increase the chance of particles reacting, you will also increase the rate
of reaction.

Surface area and reaction rate

Imagine lighting a campfire. It is not a good idea to pile large logs together and
try to set them alight. You use small pieces of wood to begin with. Doing this
increases the surface area of the wood. This results in more wood being
exposed to react with oxygen in the air.

When a solid reacts in a solution, the size of the pieces of solid affects the rate
of the reaction. The particles inside a large lump of solid are not in contact with
the reactant particles in the solution, so they cannot react. The particles inside
the solid have to wait for the particles on the surface to react first before they
have a chance to react.

In smaller lumps, or in a powder, each tiny piece of solid is surrounded by
solution. Many more particles of the solid are exposed to attack at a given time.
This means that reactions can take place much more quickly.

- —
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Collision theory and surface area

Which burns faster?

Using tongs, try igniting a 2cm length of magnesium ribbon and time
how long it takes to burn.

Take a small spatula tip of magnesium powder and sprinkle it into the
Bunsen flame.

B Write a balanced symbol equation, including state symbols, for the
reaction.

B Explain your observations.

Safety: Make sure you have a heatproof mat under the Bunsen bumer
\and you must wear eye protection.

Required practical
Investigating the effect of surface area

~"y_—Cotton wool

Marble chips and f =1 bung
hydrochloric acid

Conical flask

loss in mass

time

In this investigation you will be measuring the mass lost against time for

different sizes of marble (calcium carbonate) chips. You need at least two

different sizes of marble chips in order to vary the surface area.

B \What variables should you control to make this a fair test?

B Why does this method of finding out the rate of reaction work?

B Use the data collected to draw a graph. Explain what the graph shows.
(A data logger would help to plot a graph of the results.)

\Safety: Wear eye protection. )

Summary questions
1 List the factors that can affect the rate of a chemical reaction.

2 a Draw adiagram to explain why it is easier for an iron nail that has
been cut into small pieces to rust than for a whole iron nail to rust
under the same conditions.

b Why is the term ‘under the same conditions’ used in part a?

3 Explain why the idea of ‘activation energy’ is an important part of the
collision theory used to explain rates of reaction.

4 Explain why the acid in your stomach can help you digest your food
\ mare quickly if you chew your food well before you swallow it. )

I Particles collide all the time, .

but only some collisions lead
to reactions.

Increasing the number of
collisions in a certain time and
the energy of collisions
produces faster rates of
reaction.

Larger surface area does not
result in collisions with more
energy but does increase the
\ frequency of collisions. J

o it

B Particles must collide with
a certain minimum amount
of energy before they can
react.

B The minimum amount of
energy that particles must
have in order to react is
called the ‘activation energy’
of areaction.

B The rate of a chemical
reaction increases if the
surface area of any solid
reactants is increased. This
increases the frequency of
collisions between reacting
particles.

_———



Learning objectives

After this topic, you should

know:

® how increasing the
temperature affects the rate
of reactions

= how to use collision theory to

explain this effect.

J

Figure 1 Lowering the temperature will
slow down the reactions that make foods
go off

Figure 2 Moving faster means it is more
likely that you'll bump into someone else
- and the collision will be harder too!

RM.DL.BOOKS GROUPS
Rates of reaction

The effect of temperature

When the temperature is increased, it increases the rate of reaction. In our
homes, we use fridges and freezers to reduce the temperature and slow down
the rate of reactions. When food goes off it is because of chemical reactions, so
reducing the temperature slows down these unwanted reactions.

Collision theory tells us why raising the temperature increases the rate of a
reaction. There are two reasons:

H Particles collide more frequently.

B Particles collide with more energy.

Particles collide more frequently

When you heat up a substance, energy is transferred to its particles. In
solutions and in gases, this means that the particles move around faster. And
when particles move around faster they collide more often. Imagine a lot of
people walking around in the school playground blindfolded. They may bump
into each other occasionally. However, if they start running around, they will
bump into each other much more often.

When particles collide more frequently, there are more chances for them to
react. This increases the rate of reaction.

Particles collide with more energy

Particles that are moving around more quickly have more energy. This means
that any collisions they have are much more energetic. It is like two people
colliding when they are running rather than when they are walking.

When you increase the temperature of a reacting mixture, a higher proportion
of the collisions will result in a reaction taking place. This is because a higher
proportion of particles have energy greater than the activation energy. This
second factor has a greater effect on rate of reaction than the increased
frequency of collisions.

Around room temperature, increasing the temperature of a reaction by 10°C
will cause the rate of the reaction roughly to double.

Cold - @ Hot -
slow movement, fast movement,
less frequent @ more frequent
collisions, collisions,
little energy O Q more energy

Figure 3 More frequent callisions, with more energy — both of these factors lead to the
increase in the rate of a chemical reaction that is caused by increasing the temperature

—
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The effect of temperature

Required practical

The effect of temperature
on the rate of reaction

As one goes up, the other
comes down

In the experiment opposite
you can measure the time for
a cross to disappear as

a precipitate forms.

The effect of temperature on rate of reaction

Alka-Seltzer tablets are a well-known
indigestion remedy. They fizz when added to
water. The fizzing is caused by carbon dioxide
gas, produced by the reaction of sodium
hydrogen carbonate and citric acid, both
contained in the tablets. These compounds
can come into contact once the tablet is
added to water. By varying the temperature of
the water, you can measure its effect on the
rate of reaction.

This means that the longer the
time, the slower the rate of
reaction. There is an inverse
B How could you vary the temperature in the relationship between time and
investigation? S =

 —— rate. So as time increases, rate

B How could you measure the mean rate at g AetTaEsES
different temperatures? '

The rate is proportional to ms

Check your ideas with your teacher before you start your investigation. (also written as time™')

B Which variables do you have to control to make this a fair test? Therefore, you can plot a graph
B Why is it difficult to get accurate timings in this investigation? of temperature against 7 to
B How can you improve the precision, and therefore the accuracy in this investigate the effect of

case, of any data which has random measurement errors? temperature on rate of reaction.

\Safety: Wear eye protection. Do not raise the temperature above 50°C )

The results of an investigation like this can be
plotted on a graph (see right). Z

£
The graph shows how the time for the reaction =
to be completed changes with temperature. §
You could also measure the mean rate of this E
reaction by measuring either how long it takes =
to collect a set volume of gas, or the time for the ~ £
reaction mixture to lose a set mass. -

temperature =
b Key points
Summary questions B Reactions happen more
1 a Why does increasing the temperature increase the rate of a reaction? :2:::?:;3;:: the temperakira

b By how much does a 10°C rise in temperature increase reaction rate
at room temperature? B Increasing the temperature
increases the rate of reaction

because particles collide
more frequently and more
energetically. More of the
collisions result in a reaction
because a higher proportion

2 Look at the experiment in the Practical box above.
a Name the gas given off in the reaction.
b Describe what happens to the time it takes for the reaction to finish as
the temperature increases.
¢ Explain your answer to part b in detail using collision theory.

3 Water in a pressure cooker boils at a much higher temperature than of particles have energy
water in a saucepan because it is under pressure. Explain why food greater than the activation
\ takes longer to cook in a pan than it does in a pressure cooker. ) energy.
\. _J




Learning objectives

After this topic, you should
know:

® how, and why, increasing the
concentration of reactants in
solutions affects the rate of
reaction

B how, and why, increasing the
pressure of reacting gases
affects the rate of reaction.

- A

by acid rain. This damage happens more
quickly as the concentration of the acids
in rainwater increases.

Figure 1 Limestone statues are damaged

RM.DL.BOOKS GROUPS
Rates of reaction

The effect of concentration

or pressure

Some of the world’s most beautiful buildings are made of limestone or marble.
These buildings have stood for centuries. However, they are now crumbling
away at a greater rate than before. This is because both limestone and marble
are mainly calcium carbonate. This reacts with acids, leaving the stone soft and
crumbly. The rate of this reaction has speeded up because the concentration
of acids in rainwater has increased.

Increasing the concentration of reactants in a solution increases the rate of
reaction because there are more particles of the reactants moving around in
the same volume of solution. The more ‘crowded’ together the reactant
particles are, the more likely it is that they will collide. So the more frequent
collisions result in a faster reaction.

Increasing the pressure of reacting gases has the same effect. Increased
pressure squashes the gas particles more closely together. There are more
particles of gas in a given space. This increases the chance that they will
collide and react. So, increasing the pressure produces more frequent
collisions which speeds up the rate of the reaction.

Low concentration,
low pressure

High concentration,
high pressure

Figure 2 Increasing concentration and pressure both mean that particles are closer together.
This increases the frequency of collisions between particles, so the reaction rate increases.

-
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The effect of concentration or pressure

Required practical

Increasing concentration or
pressure does not increase the
energy with which the particles
collide. However, it does
increase the frequency of
| collisions. §

b " ¥ 4
g o

Investigating the effect of concentration on rate of reaction

=7 Cotton wool
= bung

Marble chips and
hydrochloric acid
Conical flask

You can investigate the effect of changing concentration by reacting marble
chips with different concentrations of hydrochloric acid:

CaCO,(s) + 2HCl(aq) — CaCl,(aq) + CO,(g) + H,0()

Find the rate of reaction by plotting the mass of the reaction mixture over
time. The mass will decrease as carbon dioxide gas is given off in the
reaction.

B How do you make this a fair test?

B What conclusion can you draw from your results?

\Safety: Wear eye protection. )

If you plot the results of an investigation like the one above on a graph they
look like Figure 3.

Lower acid
concentration

The graph shows how the mass of the reaction mixture decreases over time at
three different concentrations of acid.

mass

7

- Higher acid
Summary questions concentration
1 Look at the graph in Figure 3. time

a Which line on the graph shows the fastest reaction? How can you tell Figure 3 Investigating the effect of
from the data displayed? concentration on reaction rate
b Why is the cotton wool bung used in the Practical above?

¢ The electronic balance used in the experiment needs a ‘high Key points

resolution’. What does this mean?

B Increasing the concentration
of reactants in solutions
increases the frequency of
collisions between particles,
and so increases the rate of

3 Explain, in terms of its particles, why the concentration of a gas is reaction.
proportional to its pressure.

2 You could also follow the reaction described in the Practical above by
measuring the volume of gas given off over time. Sketch a graph of
volume of gas against time for three different concentrations. Label the
three lines as high, medium and low concentration.

B Increasing the pressure

4 Acidic cleaners are designed to remove limescale (calcium carbonate) of reacting gases also
when they are used neat, that is, undiluted. They do not work as well increases the frequency of
when they are diluted. Using your knowledge of collision theory, explain collisions and so increases
\ why this is. ) the rate of reaction.
\. _J

_———
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The effect of catalysts

Sometimes a reaction might only work if it occurs at very high temperatures or
pressures. This can cost industry a lot of money. However, it is possible to
speed up some reactions by using catalysts.

Learning objectives

After this topic, you should
Know: A catalyst is a substance which increases the rate of a reaction. However, it is

= what a catalyst is not changed chemically itself at the end of the reaction. A catalyst is not used
up in the reaction so it can be used over and over again.

B why catalysts are important . : )
in industry. Different catalysts are needed for different reactions. Many of the catalysts

\_ ) used in industry involve transition metals. Examples include iron, used to
make ammonia, and platinum, used to make nitric acid. Catalysts are usually
in the form of powders, pellets, or fine gauzes. This gives them the biggest
possible surface area and makes them as effective as possible as the
reactions they catalyse often involve gases reacting on their surfaces.

Figure 1 Catalysts are all around us, in

the natural world and in industry. The

catalysts in living things are called

enzymes. Our planet would be very :

different without catalysts. Figure 2 The transition metals platinum and palladium are used in the catalytic converters
in cars

Kl

Advantages of catalysts in industry

Catalysts are often very expensive precious metals. Gold, platinum, and
palladium are all costly but are the most effective catalysts for particular
reactions. However, it is often cheaper to use a catalyst than to pay for the extra
energy needed without one. To get the same rate of reaction without a catalyst
would require higher temperatures and/or pressures.

So catalysts save money and help the environment. This is because using high
temperatures and pressures often involves burning fossil fuels. So operating at
lower temperatures and pressures conserves these non-renewable resources.
It also stops more carbon dioxide entering the atmosphere, helping to combat

climate change.

Not only does a catalyst speed up a reaction, but also it does not get used up
in the reaction, so a tiny amount of catalyst can be used to speed up a reaction
over and over again.

-
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The effect of catalysts

Required practical ?’)? Did you know ... ?
Investigating catalysis The catalysts used in chemical

plants eventually become

Rubber tubing : ‘poisoned’ so that they don’t
- work any more. This happens

because impurities in the

reaction mixture combine with

the catalyst and stop it working

. properly.

Hydrogen peroxide solution
and catalyst

You can investigate the effect of different catalysts on the rate of a reaction.
You will look at hydrogen peroxide solution decomposing:

2H,0,(aq) — 2H,0() + O,(q)

The reaction produces oxygen gas. Collect this in a gas syringe using the
apparatus shown above.

You can investigate the effect of many different substances on the rate of
this reaction. Examples include manganese(iv) oxide, MnO,, and
potassium iodide, KI.

B State the independent variable in this investigation.

A table of the time taken to produce a certain volume of oxygen can then

tell us which catalyst makes the reaction go fastest.

B \What type of graph would you use to show the results of your
investigation? Why?

Catalysts change only the rate

Safety: Wear eye protection. If the syringe is glass take care to not expel of reactions. They do not
\the piston. Manganese(iv) oxide is harmful. i |, change the products. ]

Key points
Summary questions = A catalyst speeds up the rate
1 How is a catalyst affected by a chemical reaction it speeds up? ofachemical rMaction bt

is not used up itself during

2 Solid catalysts used in chemical processes are often shaped as tiny the reaction. It remains
beads or cylinders with holes through them. Why are they made in these chemically unchanged.
shapes?

. ) m Different catalysts are

3 Why is the number of moles of catalyst needed to speed up a chemical hasdad tor ditlsrent
reaction very small compared with the number of moles of reactants? reactions.

4 Do some research to find out four industrial processes that make
products using catalysts. Write a word equation for each reaction and
name the catalyst used.

B Catalysts are used whenever
possible in industry to
increase rates of reaction

\5 Explain why catalysts are so useful in the chemical industry. ‘/ and reduce energy costs.
N J

—_—m——
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Rates of reaction

Chapter summary questions

1 A student investigated the reaction between magnesium

126

and dilute hydrochloric acid. He started by reacting a piece
of magnesium ribbon in 1.0 mol/dm? hydrochloric acid.

a Describe one method the student could use to
measure the rate of this reaction.

b Suggest three ways in which the student could
increase the rate of this reaction.

c i The student decided to investigate the effect of
temperature on rate of reaction. Write an outline
plan of how he should set up his investigation.

il What would you expect the student to find out from
the data he collected?

ili Explain the expected pattern in his results using
collision theory.

Two students investigated the reaction of some marble
chips with dilute nitric acid.
Time Investigation A Investigation B
(minutes) Mass of gas Mass of gas
produced (g) produced (g)
0.0 0.00 0.00
0.5 0.56 0.28
1.0 0.73 0.36
1.5 0.80 0.39
2.0 0.82 0.41
25 0.82 0.41

a Which gas was produced in the reaction? What is the
test for this gas?

b i Marble chips contain calcium carbonate. Write a
word equation for the reaction investigated.
ii Now write a balanced symbol equation, including
state symbols, for the reaction.

¢ The students were investigating the effect of
concentration on rate of reaction. How do you think the
students got the data for their table above?

d Plot a graph of these results, with time on the x-axis.

e After 30 seconds, how does the rate of reaction in
Investigation B compare with the rate of reaction in
Investigation A?

f How does the final mass of gas produced in
Investigation B compare with that produced in
Investigation A?

g From the results, what can you say about the initial
concentration of the acids in Investigations A and B?

h Explain the data obtained using collision theory.

3 A pair of students are studying the effect of surface area

on rate of reaction. They use zinc foil reacting with dilute
sulfuric acid.

volume of gas / cm®

time / min

a What did the students investigating the reaction have
to do to make it a fair test?

b Which gas was given off in the reaction? How could
you test for this gas?

¢ Write a balanced symbol equation, including state
symbols, for the reaction under investigation.

d Which line (1, 2, or 3) shows results for the zinc with
the largest surface area (given the same mass of zinc
in each test)?

e Which sized pieces of zinc would react most slowly?

f The students doing the experiments also tried reacting
the same mass of powdered zinc with the acid.
Describe what their results would look like on the
graph above.

g Use collision theory to explain the results in this
investigation.

a Define the word ‘catalyst’.

b Hydrogen peroxide (H,0,) solution decomposes to
form water and oxygen gas.
Write a balanced symbol equation, including state
symbols, for this reaction.

¢ The reaction is catalysed by some metal oxides.
You are provided with oxides of copper, lead,
manganese, and iron. Describe how you can test
which is the best catalyst for the decomposition of
hydrogen peroxide, collecting quantitative (measured)
data to support your conclusion.

d How can you get a pure dry sample of the metal oxides
from the mixture left at the end of the reaction?
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Practice questions

1 Some students investigated the reaction between calcium i Suggest which student’s recorded results are
carbonate and nitric acid. They used this apparatus to least likely to be accurate. Give a reason for your
collect the gas given off when dilute nitric acid was added choice. (2)
to marble chips of different sizes. ii One student calculated the rate of reaction using

——— _~Measuring the expression

T\ / cylinder 1

p [] A\ rate = ——
1 time

N What is the rate of the experiment carried out by
50cm® of dilute student 1? 2
nitric acid \\ . ‘
/ \ ; ili Another student plotted a graph of rate against

concentration. She drew a straight line of best fit

Marble chips
T e J |

through the origin.
State the relationship between rate and
They recorded the volume of gas every 10 seconds until concentration shown by this line. (2)
no more gas was collected. iv Explain why the rate of student 2’s reaction was
double that of student 4’s reaction. (3)

The graph of their results is shown below.

2 The reaction between sodium thiosulfate and

”g hydrochloric acid can be used to investigate reaction

ey rates. The equation for the reaction is:

% Na, S,0,(aq) + 2HCl(aq) — 2NaCl(aq) + H,O(l) +

g 1. small marble chips SO, (aq) + S(s)

= 2. medium marble chips

8 3. large marble chips a ldentify the product that is used in measuring the rate,
Bt | Shceas giving a reason for your choice. (2)

b Some students measured the rate of this reaction in a
series of experiments. All the experiments were done in
the same way, except that the temperatures were

a The students all used the same mass of marble chips.

State two other factors that should have been kept

constant to ensure a fair test. (2) different. The students noticed that the rate was a lot
b Reaction 1 was the fastest of the three reactions. State faster at higher temperatures.
how the graph shows this. (2) One student suggested that this was because there
¢ Why do small marble chips react faster than large were more frequent collisions between the particles.
marble chips? (1) i Why do the particles collide more frequently? (1)
d Another group of students investigated the same . What Is the other rea}?son why the rate is faster at
reaction using equal masses of medium marble chips higher temperatures? (1)

but using different concentrations of dilute nitric acid in
each experiment. Student 1 used the original nitric
acid. The other students added water to decrease the

3 Many reactions in industry are carried out at high
temperatures and using catalysts.

concentrations of the acid in their experiments. They a What is a catalyst? (2)
recorded the time taken to collect 100cm?® of gas. b Some expensive metals, such as platinum, are used as
The table shows their results. catalysts.
Student Acid concentration | Time in seconds E;Falzigt:fhy s worthwhlle:To;use expensive metals ?IS)

! 1H0% L ¢ Platinum is used as a catalyst in car exhausts.

2 e i Suggest why it is used in thin layers rather than as

3 60% 22 lumps. (1)

4 40% 32

5 20% 61

- &
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Reversible reactions

In most chemical reactions, the reactants react completely to form the products.
You show this by using an arrow pointing from the reactants to the products:

Learning objectives

After this topic, you should A+B —» C+D
know: reactants  products
= what areversible reaction is But in some reactions the products can react together to make the original
® how to represent reversible reactants again. This is called a reversible reaction.
reactions. A reversible reaction can go in both directions so we use two ‘half-arrows’ in
\ /' the equation. One arrow points in the forwards direction and one backwards:

A+B=C+D

The substances on the left-hand side of the equation are still called the
‘reactants’ and those on the right-hand side the ‘products’. So it is important
that you write down the equation of the reversible reaction you are referring
to when you use the words ‘reactants’ and ‘products’. If the equation is
written as:

C+D=A+B

the reactants are C and D, and the products are A and B!

Examples of reversible reactions

Have you ever tried to neutralise an alkaline solution with an acid? It is very
difficult to get a solution which is exactly neutral. You can use an indicator to tell
when just the right amount of acid has been added. An indicator forms
compounds that are different colours in acidic solutions and in alkaline solutions.

Litmus is a complex molecule. It is represented as HLit (where H is hydrogen).
HLit is red. If you add alkali, HLit turns into the Lit- ion by losing an H* ion.
Lit-is blue. If you then add more acid, blue Lit- changes back to red HLit and
so on.

HLit(aq) = H'(aq) + Lit(aq)
Red litmus Blue litmus

Changing colours

Use litmus solution, dilute hydrochloric acid, and dilute sodium hydroxide
solution to show the reversible reaction described here.

B Explain the changes you see when adding acid and alkali to litmus.

Safety: Wear eye protection.

Other reversible reactions involve salts and their water of crystallisation.

Figure 1 Indicators undergo reversible Forexample:

reactions, changing colour to show us CuSO -5H 0 — CuSO + BHO
whether solutions are acidic or alkaline 4 : 4 2
hydrated = anhydrous + water
copper(i) sulfate (blue) copper(i) sulfate (white)

-
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Fleversible reactions

D links
For more about reversible
H

eating ammonium chloride reactions, see 11.3 ‘Energy and

Gently heat a small amount of ammonium chloride (harmful) in a test tube reversible reactions’.
with a loose plug of mineral wool. Use test tube holders or clamp the test
tube at an angle. Make sure you warm the bottom of the tube.

B What do you see happen inside the test tube?
B Explain the changes.

\Safety: Wear eye protection. Take care if you are asthmatic. )

When ammonium chloride is heated, a reversible reaction takes place.

Ammonium chloride breaks down on heating. It forms ammonia gas and
hydrogen chloride gas. This is an example of thermal decomposition:

heat
ammonium chloride __, ammonia + hydrogen chloride
NH,Cl(s) —  NH,(@) + HCl(g)

The two hot gases rise up the test tube. When they cool down near the mouth
of the tube they react with each other (see Figure 2). The gases re-form
ammonium chloride again. The white ammonium chloride solid forms on the
inside of the glass:

ammonia + hydrogen chloride — ammonium chloride
NH,(g) + HCl(g) - NH,Cl(s)

The reversible reaction can be shown as:

ammonium chloride = ammonia + hydrogen chloride Figure 2 f‘;?n example ofa !’evefshibf:d
R reaction — heating ammonium chloride
NH Cl(s) NH,(g) + HCl(g) g

—:

Summary questions
1 What do chemists mean by the term ‘a reversible chemical reaction’?

2 Phenolphthalein is an indicator. It is colourless in acid and pure water
but is pink-purple in alkali. In a demonstration a teacher started with a
beaker containing a mixture of water and phenolphthalein. In two other
beakers she had different volumes of acid and alkali. The acid and alkali
had the same concentration.

She then poured the mixture into the beaker containing 2 cm? of sodium
hydroxide solution. Finally she poured the mixture into a third beaker
with 5cm?® of hydrochloric acid in it.

Describe what you would observe happening in the demonstration.

3 You can represent the phenolphthalein indicator in question 2 as HPhe.
Assuming it behaves like litmus, write a balanced symbol equation to

show its reversible reaction in acid and alkali. Show the colour of HPhe .
and Phe~ under their formulae in your equation. Key points

4 Thermochromic materials change colours at different temperatures. The ® In a reversible reaction the
change is reversible. Give a use or potential use for thermochromic products of the reaction can
materials in the home. react to make the original

. ; . reactants.

5 Find out about two reversible reactions that can be used to test for the

presence of water. Give the positive result for each test, including a B You can show a reversible
\ balanced symbol equation. ) reaction using the = sign.

k J



Learning objectives

After this topic, you should
know:

® what it means when a
reaction is ‘at equilibrium’

® how the position of
equilibrium can be affected in

a reversible reaction.
J

CD links

For more information on reversible
reactions, look back at 10.1
‘Reversible reactions’.

Figure 2 The situation at equilibrium is
just like running up an escalator which is
going down - if you run up as fast as the
escalator goes down, you will get
nowhere!

RM.DL.BOOKS GROUPS
Extent of reaction

Chemical equilibrium

Some reactions are reversible. The products formed can react together to
make the original reactants again:

A+B=C+D

So what happens when you start with just reactants in a reversible reaction?

1) A+B ee————- Reactants only at start of reaction
2) A+B ™ qumm® C+D  Rate of mssb much greater than <@msm at first

3) A+B : C+D Rate of <@=== increases as C-+D build up
Rate of === slows down as reactants get used up

4) A+B ‘G C+D  Eventually the rates of mesp and g are the same

In a closed system, no reactants, products or energy can get in or out. So in a
reversible reaction, as the concentration of products builds up, the rate at
which they react to re-form reactants increases. As this starts to happen, the
rate of the forward reaction is decreasing. This is because the concentration of
reactants is decreasing from its original maximum value. Eventually both
forward and reverse reactions are going at the same rate, but in opposite
directions.

When this happens the reactants are making products at the same rate as the
products are making reactants. Overall, there is no change in the amount of
products and reactants. We say that the reaction has reached equilibrium.

At equilibrium, the rate of the forward reaction equals the rate of the
reverse reaction. As the forward and reverse reactions are continuously taking
place, we sometimes say that there is a state of ‘dynamic’ equilibrium.

Forward reaction

rate of reaction

Reverse reaction

time
Figure 1 In a reversible reaction at equilibrium, the rate of the forward reaction is the same as
the rate of the reverse reaction
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Chemical equilibrium

One example of a reversible reaction is the reaction between iodine
monochloride (ICl) and chlorine gas (Figure 3). lodine monochloride is a brown
liquid, whilst chlorine is a yellowish green gas. These substances can react
together to make yellow crystals of iodine trichloride (ICL,).

When there is plenty of chlorine gas the forward reaction makes iodine
trichloride crystals, which are quite stable. But, if you lower the concentration of
chlorine gas the rate of the forward reaction decreases. The reverse reaction
becomes the faster of the two reactions. This starts turning more iodine
trichloride back to iodine monochloride and chlorine, until equilibrium is
established again.

It is possible to change the relative amounts of the reactants and products in a
reacting mixture by changing the conditions. This is very important in the
chemical industry. In a process with a reversible reaction, engineers need
conditions that give as much product as possible.

However, there are always other economic and safety factors to consider when
chemists manipulate reversible reactions in industry.

With
plenty of
chlorine gas

iodine iodine Imk,s ;
monochlaride chlorine trichloride For more information about
\ ' d safety issues
economic an
ICI + C, =— IC, associated with reversible reactions

(brown liquid) (yellow crystals) in industry, see 10.4 ‘Making

- o ammonia - the Haber process’ and

g — 10.5 ‘The economics of the Haber
emave ’

chioring g process’.

Figure 3 This reacting mixture can be changed by adding or removing chiorine from the
mixture

B |n a reversible reaction the

Summary questions products of the reaction can
react to re-form the original
1 How does the rate of the reverse reaction compare with the rate of the

reactants.
forward reaction in a reaction at equilibrium?

B In a closed system, the rate
of the forward and reverse
reactions are equal at

3 Explain why chemists describe chemical equilibrium as ‘dynamic’ as equilibrium.
opposed to ‘static’.

2 What can you say about the concentration of reactants and products in a
reversible reaction at equilibrium?

B Changing the reaction

4 An equilibrium mixture is set up in a closed system with iodine conditions can change
monochloride, chlorine gas and iodine trichloride. In order to make more the amounts of products
iodine trichloride, would you pump more chlorine gas into the mixture or and reactants in a reaction

\ remove chlorine gas? Explain your answer. ‘/ . mixture at equilibrium. ’

_———



Learning objectives

After this topic, you should

know:

® how changing the pressure
affects reversible reactions
involving gases

® how changing the
temperature affects
reversible reactions.

\ J

CD links

For information on the effect of
concentration on a reversible
reaction, look back at 10.2

‘Chemical equilibrium’.
Decreasing
pressure

Increasing

pressure x— B
| | ﬂ'

BEe——3
5 = A s 3 %

\; | \Q/ U

Figure 1 The effect of changing the
pressure on 2NO,{g) = N,O,(g)

D links

For information on how changes in
pressure are useful in industry, look
at 10.4 ‘Making ammonia - the
Haber process’ and 10.5 ‘The
economics of the Haber process’.
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Altering conditions

Pressure and equilibrium

You have seen how changing concentration can affect a reversible reaction at
equilibrium. In general, you will find that the position of equilibrium shifts as if
trying to cancel out any change in conditions. Think about increasing the
concentration of a reactant. This will cause the position of equilibrium to shift to
the right, in favour of the products, in order to reduce the concentration of that
reactant. It opposes the change introduced.

If a reversible reaction involves changing numbers of gas molecules, altering the
pressure can also affect the equilibrium mixture. In many reversible reactions,
there are more molecules of gas on one side of the equation than on the other.
By changing the pressure at which these reactions are carried out, it's possible
to change the amount of products that are made. Look at the table below:

If the forward reaction produces more
molecules of gas ...

If the forward reaction produces fewer
molecules of gas ...

... anincrease in pressure decreases the
amount of products formed.

... an increase in pressure increases the
amount of products formed.

... a decrease in pressure increases the
amount of products formed.

... a decrease in pressure decreases the
amount of products formed.

The following reversible reaction gives an example of how pressure affects the

equilibrium:

2NO(g) =
brown gas

N,O,(g)

pale yellow gas

In this reaction you can see from the balanced symbol equation that we have:

2 molecules of gas on the left-hand side of the equilibrium equation and
1 molecule of gas on the right-hand side.

Imagine that the pressure in the reaction vessel is increased. The position of
equilibrium will shift to reduce the pressure. It will move in favour of the reaction
that produces fewer gas molecules. In this case that is to the right, in favour of
the forward reaction. So more N,O, gas will be made. The colour of the

gaseous mixture will get lighter.

Changing the pressure affects the equilibrium only if there are different
numbers of molecules of gases on each side of the balanced equation. f

-~

-
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Temperature and equilibrium

When you have a closed system, nothing is added or taken away from the
reaction mixture. In a closed system, the relative amounts of the reactants and
products in a reversible reaction at equilibrium depend on the temperature.

By changing the temperature, you can plan to get more of the products and
less of the reactants. Look at the table below:

If the forward reaction is
endothermic ...

If the forward reaction is
exothermic ...

... an increase in temperature increases
the amount of products formed.

... an increase in temperature decreases
the amount of products formed.

... a decrease in temperature decreases
the amount of products formed.

... a decrease in temperature increases
the amount of products formed.

This can be seen when looking at the reaction involving NO,(g) and N,O,(9)
again.

2NO,(g) = N,0O,(g)

The forward reaction is exothermic, releasing energy, so the reverse reaction is
endothermic, absorbing the same amount of energy.

As the temperature is increased, the equilibrium shifts as if to try to reduce the
temperature. The reaction that is endothermic (taking in energy) will cool it down.
So in this case the reverse reaction is favoured and more NO, is formed.

Heat up Cool down

(Favours
| exothermic
reaction)

{Favours
endothermic |
reaction)

More NO,, formed More N,0, formed

Figure 3 The effect of changing the temperature on 2NO,(g) = N,O,(g)

Summary questions
1 How does increasing the pressure affect the amount of products formed

in a reaction that produces a larger volume (more molecules) of gas?
2 Look at the reversible reaction below:
H,0(g) + C(s) = CO(g) + H,(9)
The forward reaction is endothermic.

How will the amount of hydrogen gas formed change by increasing the
temperature?

3 a Look at Figure 1 on the previous page. How will increasing the
pressure affect the colour of a mixture of NO, and N,O, gases?
Explain your answer.

b Look at Figure 3 above. What will happen to the colour of a mixture of NO,
and N,O, gases if the temperature is increased? Explain your answer.

4 Explain what effect increasing the pressure would have on the
equilibrium mixture below:

H,(@) + L,(g) = 2HI(g)

\ _/

Exothermic

—
2NO,(g) == N,0,(9)
Endothermic

Figure 2 Energy changes in the
reversible reaction 2NO,(g) = N,0 (g)

and pressure on
equilibrium

Using a gas syringe, your
teacher can show an equilibrium
mixture of NO, and N,O, gases.

You can see the effect of
changing temperature by using
warm water and ice.

of the syringe can change the
pressure.
B Explain your observations.

Safety: Take care if you are
asthmatic. The teacher should
be wearing chemical splash-
proof eye protection as these
Qases are ‘very toxic'.

The effect of temperature

Pushing and pulling the plunger

J

Key points

Altering conditions

reactions involving gases at
equilibrium. Increasing the

favours the reaction with the

of gas formed.

B Pressure can affect reversible

pressure favours the reaction
that forms fewer molecules of
gas. Decreasing the pressure

greater number of molecules

E |tis possible to change the
relative amount of products
formed at equilibrium by
changing the temperature
at which we carry out a
reversible reaction.

B Increasing the temperature
favours the endothermic
reaction. Decreasing the
temperature favours the
exothermic reaction.

=

_———
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Making ammonia - the Haber

process

Humans need plants for food, and as a way of maintaining oxygen in the air.
Plants need nitrogen to grow. Although nitrogen gas makes up nearly 80 per
cent of the air, most plants cannot use it directly.

Learning objectives

After this topic, you should

know: Instead, plants absorb soluble nitrates from the soil through their roots. When
= why ammonia is an important farmers harvest crops the nitrogen in plants is lost. This is because the plants do
product not die and decompose to replace the nitrogen in the soil. So farmers need to

put nitrogen back into the soil for the next year’s crops to maximise food yield.
® how ammonia is

manufactured in industry Nowadays this is usually done by adding nitrate fertilisers to the soil. These

fertilisers are made using a process devised by a German chemist called
B how ammonia is made Eritz Haber.
without wasting raw

materials.
_ J

=

Figure 1 Plants are surrounded by nitrogen in the air. They cannot use this nitrogen, and rely
on soluble nitrates in the soil instead. These are supplied by spreading fertiliser on the soil.

The Haber process
The Haber process provides a way of turning nitrogen in the air into ammonia.
nitrogen gas + hydrogen gas = ammonia gas

Scientists can use ammonia in many different ways. The most important of
these is to make fertilisers.

The raw materials for the production of ammonia are:
B nitrogen from the air
® hydrogen, which we get mainly from natural gas (which contains methane, CH ).

The nitrogen and hydrogen are purified. Then they are passed over an iron

catalyst at a high temperature (about 450°C) and a high pressure (about

200 atmospheres). The product of this reversible reaction is ammonia.

B The reaction used in the Haber process is reversible. This means that the
ammonia made breaks down again into nitrogen and hydrogen.

B The ammonia is removed by cooling the gases so that the ammonia liquefies.
It can then be separated from the unreacted nitrogen gas and hydrogen gas.

-
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Making ammonia - the Haber process

o Gas stream e Reaction vessel containing iron catalyst
containing ‘
hydrogen and € Unreacted nitrogen and hydrogen
nitrogen are returned to the reaction vessel
via the compressor
Cooling
chamber
o The nitrogen/ hydrogen

mixture is compressed

to a pressure of 200 atm

and heated to 450°C o The mixture of gases emerging from the reactor is cooled.
Ammonia liquefies and is separated.

Figure 2 The Haber process

B The unreacted nitrogen and hydrogen gases are recycled back into the
reaction mixture. They are then re-compressed and heated before returning
to the reaction vessel. There they have a chance to react again on the
surface of the iron catalyst.

iron

catalyst C:C) links
N,(g) + 3H, (@) = 2NH,(g) For more information about the
The Haber process is conducted in carefully chosen conditions to give a choice of congftfons, see 10.5
reasonable yield of ammonia as quickly as possible. The economics of the Haber
process’.

¢ Did you know ...?

Fritz Haber’s work on the Haber process took place just before the First

World War. When the war started, he was involved in the first chemical

weapons used in warfare. His wife, also a chemist, opposed his work on
. chemical weapons. She committed suicide before the war ended.

Key points

B Ammonia is an important

- chemical for making other
products, including fertilisers.
1 What are the main raw materials used to get the nitrogen gas and & Aiimonila s made o
hydrogen gas needed for the production of ammonia in industry? nitrogen and hydrogen in the
2 a Write a balanced symbol equation, including state symbols, for the Haber process.
production of ammaonia in the Haber process.
b State the conditions chosen for the Haber process, including the

catalyst used.

® The Haber process is carried
out under conditions of about
450°C and 200 atmospheres
3 a How is ammonia separated from the reaction mixture in the Haber pressure, using an iron
process? catalyst.
b What happens to unreacted nitrogen and hydrogen that leaves the
reaction vessel?

® Any unreacted nitrogen and
hydrogen are recycled back
4 Draw a flowchart to show how the Haber process is used to make into the reaction vessel in the

\ ammonia. ) Haber process.
. J

—_———
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Extent of reaction

The economics of the Haber

process

Learning objectives The effect of pressure

You have just seen how ammonia is made in the Haber process. Nitrogen and
After this topic, you should hydrogen react to make ammonia in a reversible reaction:
know:
= why a pressure of about ki i
200 atmospheres is chosen As the balanced equation above shows, there are four molecules of gas on the
for the Haber process left-hand side of the equation (N, and 3H,), but on the right-hand side there are
only two molecules of gas (2NH,). This means that the volume of the reactants
W why a temperature of about is greater than the volume of the products. So, an increase in pressure will tend
450°C is chosen for the to shift the position of equilibrium to the right, producing more ammonia.
Haber process. 4

To get the maximum possible yield of ammonia, the pressure must be as high
as possible. But very high pressures need lots of energy to compress the
gases. Very high pressures also need expensive reaction vessels and pipes.
They have to be strong enough to withstand very high pressures, otherwise
there is always the danger of an explosion. To avoid the higher costs of
building a stronger chemical plant, the Haber process uses a pressure of 200
atmospheres. This is a good compromise. This pressure gives a lower yield
than even higher pressures would, but it does reduce the expense and helps
produce a reasonable rate of reaction between the gases.

Figure 1 It is very expensive to build chemical plants that operate at very high pressures

—
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The economics of the Haber process

The effect of temperature

The effect of temperature on the Haber process is more complicated than the

Remember that the yield is the
effect of pressure. The forward reaction is exothermic:

amount of product obtained
N,(g) +3H,(g) = 2NH,(q) AH = -93 kJ/mol compared with (i.e., divided by)

, , o the amount obtained if all of the
So lowering the temperature would increase the amount of ammonia in the reactants were used up to

reaction mixture at equilibrium. This happens because the forward reaction to | make product.
form ammonia releases energy to the surroundings and raises the temperature
of the surroundings.

However, at a low temperature, the W | ———200°C
rate of the reaction would be very zg ]
slow because the gas molecules £ 0 /| oo Eud
would collide less often and less = / =
energetically. To make ammonia S 60 { v lann ol
‘ . £ J =2 A (P Jeer

commercially, scientists must get the  E 50 1/ e 224 Did you know ...?
reaction to go quickly. They do not 5 40 - Th s ‘
want to waste time waiting for the 3 307 —500°C € haber process IS

‘ g - — 1 sometimes called the Haber-
ammonia to be produced. 20 — . )

10 |1 Bosch process, since Fritz

This is achieved in the Haber process ' Haber found out how to make
by another compromise. A reasonably 00 100 200 300 400 500 ammonia from nitrogen and
high temperature of 450°C is used to pressure / atmospheres hydrogen but Carl Bosch
get the reaction going at a reasonable Figure 2 The conditions for the Haber carried ouj: j:he work to find ’Ehe
rate, even though this reduces the process are a compromise between getting a best conditions for the reaction.
yield of ammonia. Look at the graph reasonable yield of ammonia and getting the Bosch and his team carried out
in Figure 2. reaction to take place at a fast enough rate 6500 experiments to find the

) ) best catalyst for the reaction.
A lower temperature can also reduce the effectiveness of the iron catalyst.

The effect of a catalyst

Aniron catalyst can also be used to speed up the reaction. A catalyst speeds up
the rate of both the forward and reverse reactions by the same amount. Therefore
it does not affect the actual yield of ammonia but it does produce ammonia more

quickly, which is an important economic consideration in industry. Key points

a pressure of around
1 Explain the effect of increasing the pressure in the Haber process on: 200 atmospheres to increase
a the yield of ammonia from the reversible reaction the amount of ammonia
b the rate of production of ammonia. produced.
2 Why is an iron catalyst used in the Haber process? = Although higher pressures
3 Look at Figure 2. would produce higher yields
a What is the approximate yield of ammonia at a temperature of 500°C of ammonia, they would
and 400 atmospheres pressure? make the chemical plant too
b What is the approximate yield of ammonia at a temperature of 500°C expensive to build and run.
and 100 atmospheres pressure? = A temperature of about
¢ What is the approximate yield of ammonia at a temperature of 200°C 450°C is used for the
and 400 atmospheres pressure? reaction. Although lower
d What is the approximate yield of ammonia at a temperature of 200°C temperatures would increase
and 100 atmospheres pressure? the yield of ammonia, it
e Given your answers to parts a—-d, explain why the Haber process is would be produced too
\ carried out at around 200 atmospheres and 450°C. ) slowly.
\. _J
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Extent of reaction

The Contact process

= - = Many of the important reactions in industry are reversible. This is a challenge
Learning objectives for industrial chemists. They have to choose conditions that will produce as
much product as possible in the shortest possible time. This will maximise
profits for the chemical company. However, safety and environmental aspects
of the manufacturing process also have to be taken into account before

¥ the three stages in the deciding on the actual operating conditions.
Contact process

After this topic, you should
know:

Sulfuric acid, H,SO,, is made in the Contact process. It is one of the most
® why particular reaction important manufactured chemicals as it is used to make paints, pigments,

conditions are chosen for the fertilisers, plastics, synthetic fibres, and dyes.

second stage in the process.
J The raw materials are:

| sulfur
H air
u water.
{98% sulfuric acid
2% water
Layers of
vanadium{v) oxide

catalyst

Chimney fitted with basic
‘scrubbers’ to stop acidic
gases escaping

dbbddd

99.5% sulfuric acid
H,S0,

Figure 1 The Contact process for making sulfuric acid is a three-stage process

Stage 1

In the first stage, sulfur is turned into sulfur dioxide gas. The sulfur is a yellow
solid at room temperature. It can be imported into the UK on ships from Poland
or the USA, where underground deposits of sulfur are found. It can also be
extracted from impurities in crude oil or natural gas. However, natural gas from
the North Sea contains very little sulfur, so it cannot be used.

Molten sulfur is bumt in air:
Sl) + O,g — SOLg)
sulfur oxygen sulfur dioxide
Stage 2
This is the most important step because the reaction is reversible.

The sulfur dioxide gas made in Stage 1 is tumed into sulfur trioxide gas:

280,09 + O,9 = 2S0O,9g) AH = -197kJ/mol
sulfur dioxide oxygen sulfur trioxide

-
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The Contact process

Chemists want as much of the SO, gas made in the forward reaction as they
can, as quickly as possible. Notice that the forward reaction is exothermic.

So a low temperature would favour the forward reaction (as this would shift the
equilibrium to raise the temperature up again). But if the temperature is too low,
the rate of reaction will be too slow. A compromise of 450°C is chosen. You
still get a good yield (97%) of SO, at this temperature, and at a reasonable rate.

So what about the pressure chosen? Count the molecules of gas on either
side of the equation. How could you get more SO,? As there are three
molecules of gas on the left-hand side of the equation and only two molecules
of gas on the right-hand side, increasing the pressure will favour more SO,
However, with a 97% yield already, it is not worth spending much money
compressing the gases. The gases are compressed slightly above atmospheric
pressure to push them through the pipes and reaction vessels. So the pressure
is only just above 1 atmosphere or 100kPa.

A catalyst, vanadium(v) oxide, is used to speed up the rate of reaction. The
V,0, is supported on porous, daisy-shaped cylinders of silica to maximise its

surface area in each layer of the reaction vessel. Figure 2. 1505 catalyst on
porous support

Stage 3

In the final stage sulfur trioxide is converted into sulfuric acid. The sulfur trioxide
gets absorbed into a mixture of 98% sulfuric acid and 2% water. In effect, the
sulfur trioxide reacts with the water:

SO,9 + HONH - HSO) The exothermic reactions in

sulfur trioxide water conc. sulfuric acid each stage of the Contact
process transfer energy to the
surroundings. This energy is not

Summary questions wasted, but is used to heat the
gases in Stage 2.
1 Give the word equation and balanced symbol equation, including state

symbols, for the reactions that take place in each of the three stages in

the Contact process. K int
e oints
2 a State the conditions chosen for Stage 2 of the Contact process.

b Explain how the efficiency of the catalyst is maximised. = The Contact process is used
¢ Explain the conditions chosen for Stage 2 of the Contact process. to manufacture sulfuric acid,

.’?? Did you know ... ?

3 Assuming 100% conversion at each stage in the Contact process, H,SO,.
calculate the mass of sulfuric acid in kilograms that can be made from
\ each kilogram of sulfur burnt. Give your answer to 3 significant figures. )

E In the first stage, sulfur is
burnt and oxidised to sulfur
dioxide gas.

B In the second stage, sulfur
dioxide is oxidised by oxygen
gas to make sulfur trioxide
in a reversible reaction that
takes place at 450°C and
atmospheric pressure, in the
presence of a vanadium(v)
oxide catalyst.

B |n the third stage, in effect
sulfur trioxide reacts with

water to make sulfuric acid.
4 _J
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Extent of reaction

Chapter summary questions

1 Here is an example of a reaction mixture in a state of
dynamic equilibrium:
ICI() + Cl(9) = ICl,(s)
brown liquid yellow/green gas  yellow solid

The equilibrium can be set up in a glass U-tube:

Clalg)
Ici)

ICI 4(8)

a The equilibrium mixture contains the three states of
matter. What does this statement mean?

b The pressure inside the U-tube is increased.
What happens to the equilibrium mixture? Explain your
answer.

¢ What would happen to the equilibrium mixture if the
chlorine gas was allowed to escape? Explain your
answer.

2 A chemical reaction can make product C from reactants
A and B. Under the reaction conditions, A, B, and C are
all gases.

A, B, and C react in the proportions 1:1:2. The reaction
is carried out at 250°C and 100 atmospheres. The
reaction is reversible, and it is endothermic in the forward
direction.

a Write a balanced symbol equation, including state
symbols, for this reversible reaction.

b How would increasing the pressure affect:
i the amount of C formed?
il therate at which C is formed?

¢ How would increasing the temperature affect:
i the amount of C formed?
il therate at which C is formed?

3 In the manufacture of sulfuric acid, sulfur dioxide is
oxidised to form sulfur trioxide:

250,(9) + O,(g) = 250,(q)

This reversible reaction is exothermic from left to right.
State and explain the effect of each of the following
conditions on the rate and yield of this reaction.

a Increase in temperature
b Increase in pressure

¢ Use of a catalyst

4 When nitric acid is made in industry, ammonia is oxidised
to nitrogen monoxide.

4NH,(g) + 50,(g) = 4NO(g) + 6H,0(g)

The reaction is exothermic in the forward direction.
Ammonia and air, at about 7 atmospheres pressure, is
passed over a platinum catalyst at 200°C.

Explain how changing the conditions used could increase
the yield of nitrogen monoxide.

5 The table below gives data on the yield of ammonia at
equilibrium in the reversible reaction with nitrogen and
hydrogen:

Ammonia present at equilibrium (%)
Pressure Temperature
(atmospheres) (°C)
100 200 300 400 500

10 88 51 15 4 1

25 92 64 27 9 3

50 94 74 39 15 6
100 97 82 52 25 11
200 98 89 67 39 18
400 99 a5 80 55 32
1000 99.9 98 93 80 57

a i Whatis the effect of increasing the pressure on the
yield of ammonia?
ii What is the effect of increasing the temperature on
the yield of ammonia?
iii Explain how you used the table to judge the effect
of changing the temperature and the pressure on
the yield of ammonia.

b Explain why the conditions in the Haber process
(200 atmospheres pressure and a temperature of
450°C) are described as a ‘compromise’.

¢ How does the use of an iron catalyst affect the yield of
ammonia?

6 Here is the equation for the reaction used in the Haber

process:
Fe(s)

catalyst
N,(g) +3H,(@ = 2NH,(g) AH=-93kJ/mol
Draw an energy level diagram for this reaction, showing

the reaction pathway with and without the use of the iron
catalyst. (See Topic 11.6).

-—
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Practice questions

1 If areversible reaction occurs in a closed container it can a Predict how each change affects the yield of ammonia

reach equilibrium.

a State two features of a reversible reaction that has
reached equilibrium. (2)

b A gaseous oxide of nitrogen has the formula N,O,.
It decomposes into another gaseous oxide of nitrogen
when it is heated without changing the pressure. This
decomposition is endothermic. The progress of this
reaction can be checked using the differences in
colour.

4

in this reaction in the new factory. Explain your
answers. (8)

b How does the catalyst affect the rate of reaction? (1)
¢ Why does the catalyst not affect the yield of the
reaction? (2)

Some ammonium chloride was heated in a test tube as
shown in the diagram:

N,O,(@ = 2NO,g) '
pale yellow brown \White
i How does the colour of the reaction mixture change solid
when the temperature increases? (1) /
ii Explain how the information in the question helps to ry \Amm_omum
predict the colour change. 2 HEAT chloride

¢ A mixture of the two oxides of nitrogen is placed in a
gas syringe and the pressure is increased.

Predict what happens to the colour of the mixture.
Explain your answer by reference to the equation
in part b. (3)

Ammonia is manufactured by the Haber process. This

a When the ammonium chloride is heated gently it
decomposes according to this equation:

NH,CI — NH, + HCl

The diagram shows that a white solid forms near the
open end of the test tube.
i Name the two gases in the tube between the

process is shown in the flow diagram_ ammonium chloride and the white solid. (2)
: il Suggest what the white solid is. (1)
ili Deduce the equation to show its formation. (1)

b A student heated the tube strongly and did not observe
the formation of the white solid.

Suggest an explanation for this. (1)

a I what !S thezsource o hamitragers (1) 5 The manufacture of sulfuric acid is carried out in three
ii What is the source of the hydrogen? (1) stages:
b State three conditions used in the reactor. (3)

¢ What substances are represented by X in the
diagram? (1)

d What condition is used in the separator? (1)

e Write a symbol equation for the reaction that occurs
in the reactor. (2)

A company builds a new factory to produce ammonia.

Stage 1 - burning sulfur
Stage 2 - oxidation of sulfur dioxide
Stage 3 - conversion of sulfur trioxide to sulfuric acid.

a Name the industrial process used to make sulfuric
acid. (1)

b In this process, the first stage involves the combustion
of sulfur. If 256 tonnes of sulfur are bumt in air, what is
the maximum mass of sulfur dioxide gas obtained for

The new factory uses the same process as the old factory Stage 27 (2)
but with these changes in conditions: c i Write the balanced symbol equation for the reaction
B The temperature is decreased by 100°C in the new that takes place in Stage 2. (2)

factory. ii Name the catalyst used in Stage 2. (1)

B The pressure is increased by 100 atmospheres in the
new factory.

d Assuming 100% conversion of the 256 tonnes of sulfur
in Stage 1 into sulfuric acid, calculate the maximum
mass of sulfuric acid that could be made. (2)

e —




Chapter 11

Learning objectives

After this topic, you should

know:

B that energy is transferred to
or from the surroundings in
chemical reactions

B some examples of
exothermic and endothermic
reactions.

Figure 1 When a fuel burns in oxygen,

energy is transferred to the surroundings.
You usually don't need a thermometer to
know that there is a temperature change!

D links

For more information about
enthalpy changes and how to
represent them, see 11.6 ‘Energy
level diagrams’.

. J

M DL.BOOKS GROUPS .
nérgy changes in chemical reactions

Exothermic and endothermic

reactions

Whenever chemical reactions take place, energy is always transferred as
chemical bonds are broken and new ones are made.

Some reactions transfer energy from the reacting chemicals to their
surroundings. These are called exothermic reactions. The energy transferred
from the reacting chemicals often heats up the surroundings. This means that
you can measure arise in temperature as the reaction happens.

Some reactions transfer energy from the surroundings to the reacting
chemicals. These are called endothermic reactions. As they take in energy
from their surroundings, these reactions cause a drop in temperature as they
happen.

Exothermic reactions

Buming fuels are an obvious example of exothermic reactions. For example,
when methane (in natural gas) burns it gets oxidised and releases energy.

Neutralisation reactions between acids and alkalis are also exothermic. You
can easily measure the rise in temperature using simple apparatus (see the
experiment on the next page).

Scientists use the term ‘enthalpy change’ to describe the transfer of energy in
chemical reactions at constant pressure. As the reactions carried out in the lab
are at constant pressure, the energy we are considering in these reactions is
enthalpy, symbol H. Any temperature change measured when a reaction takes
place is a result of enthalpy changes between the reactants and products of
the reaction. The enthalpy change is given the symbol AH. The products of
exothermic reactions have less enthalpy content than the reactants so
numerical values, measured in kilojoules per mole, are given a negative sign.
For example:

CH,(g) + 20,(g) - CO,(g) + 2H,0()  AH =-890kJ/mol

S ’9"""’"‘1&

Flgure 2 A!I wanﬂ—b!ooded animals rely on exotherm:c reachons in resp:rahon to keep their
body temperatures steady

-—
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Endothermic reactions
Endothermic reactions are much less common than exothermic ones.

Thermal decomposition reactions are endothermic. An example is the
decomposition of calcium carbonate. When heated, it forms calcium oxide and
carbon dioxide. This reaction only takes place if you keep heating the calcium
carbonate strongly. The calcium carbonate needs to absorb energy from the
surroundings to be broken down.

The products have more enthalpy content than the reactants in endothermic
reactions, so numerical values are given a positive sign. For example:

CaCO,(s) — Cal(s) + CO,(q) AH =+178kJ/mol

Investigating energy changes l

You can use very simple apparatus to investigate the energy changes in
reactions. Often you do not need to use anything more complicated than a
polystyrene cup and a thermometer.

The thermometer is used o { Chemicals are mixed in the cup.
measure the temperature The insulation reduces the rate at
change which takes place which energy can enter or leave
during the reaction. \ the contents of the cup.
Polystyrene cup

B State two ways in which you could make the data you collect more
accurate.

\Eafety: Wear eye protection. )

Summary questions
1 a What do you call a reaction that releases energy to its surroundings?

b What do you call a reaction that absorbs energy from its surroundings?
c Give two examples of exothermic reactions.
d Give an example of an endothermic reaction.

2 Potassium nitrate dissolving in water is an endothermic process. Explain
what you would feel if you held a beaker of water in your hand as you
stirred in potassium nitrate.

3 Two solutions are added together and the temperature changes from
19°C to 27 °C. Explain what you can say about the enthalpy change in
this reaction, including the sign given to AH.

4 The enthalpy change for the thermal decomposition of 16.8 g of
magnesium carbonate is +23.4 kJ. (A values: C= 12, O =16, Mg = 24)
a Write a balanced symbol equation, including state symbols, for the

reaction.
b Calculate the value of AH for the thermal decomposition in kilojoules

\ per mole. )

Exothermic and endothermic reactions

Figure 3 When you eat sherbet you can
feel an endothermic reaction. Sherbet
dissolving in the water in your mouth
takes in energy. It provides a slight
cooling effect.

Remember that exothermic
reactions involve energy
EXiting (leaving) the reacting
chemicals, so the surroundings
get hotter.
In endothermic reactions
energy is transferred INTO
(sounds like ‘endo’!) the
reacting chemicals, so the
\ surroundings get colder.

-

Key points

B Energy may be transferred
to or from the reacting
substances in a chemical
reaction.

E A reaction in which energy
is transferred from the
reacting substances to their
surroundings is called an
exothermic reaction.

® |In exothermic reactions, the
change in enthalpy, AH, has a
negative value.

B A reaction in which energy
is transferred to the reacting
substances from their
surroundings is called an
endothermic reaction.

B In endothermic reactions, the
change in enthalpy, AH, has a

positive value.
N J

—_——
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Energy changes in chemical reactions

Using energy transfers from

reactions

2 oo Warming u
Learning objectives a.u
Chemical hand and body warmers can be very useful. These products use

After this topic, you should exothermic reactions to warm you up. People can take hand warmers to places
know: where they know they will get very cold. For example, spectators at outdoor
® how to make use of the sporting events in winter can warm their hands up. People usually use the body
energy from exothermic warmers to help ease aches and pains.
reactions Some hand warmers can only be used once. An example of this type uses the
® how to use the cooling energy released in the oxidation of iron. Iron turns into hydrated iron(u1) oxide
effect of endothermic in an exothermic reaction. The reaction is similar to rusting. Sodium chloride
reactions. (common salt) is used as a catalyst. This type of hand warmer is disposable. It
\. .~/ can be used only once but it lasts for hours.

Other hand warmers can be reused many times. These are based on the
formation of crystals from solutions of a salt. The salt used is often sodium
ethanoate. A supersaturated solution is prepared. This is done by dissolving as

/ much of the salt as possible in hot water. The solution is then allowed to cool.
( :E&?ﬁ:"m:-‘:‘;mm A small metal disc in the plastic pack is used to start the exothermic change
\ ymﬂnmm'hmn‘ . ) ) .
_ :..‘:;m,,g:m-;-:“;;.ﬁu (see Figure 1). When you press this a few times small particles of metal are
. o e cogy oy % '
m&‘::-mwm Py scraped off. These ‘seed’ (or start off) the crystallisation. The crystals spread

throughout the solution, releasing energy in an exothermic change. They work
for about 30 minutes.

To reuse the warmer, you simply put the solid pack into boiling water to
) - re-dissolve the crystals. When cool, the pack is ready to be activated again.

Exothermic reactions are also used in self-heating cans (see Figure 2 on the

Figure 1 Here is a hand warmer next page). The reaction used to release the energy is usually:
based on the recrystallisation of sodium . . . .
ethanoate calcium oxide + water — calcium hydroxide

You press a button in the base of the can. This breaks a seal and lets the water
and calcium oxide mix. Coffee is available in these self-heating cans.

Development took years and cost millions of pounds. Even then, over a third of
the can was taken up with the reactants to release energy. Also, in some early
versions, the temperature of the coffee did not rise high enough in cold
conditions.

Hm

ot food

Mountaineers and explorers can take ‘self-heating’ foods with them on
their journeys. One example uses the energy released when calcium oxide
reacts with water to heat the food.

Design a self-heating, disposable food container for stew.
B Draw a labelled diagram of your container and explain how it works.
\l What are the safety issues involved in using your product? )

e ——————————
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Using energy transfers from reactions

Cooling down

Endothermic processes can be used to cool things down. For example,
chemical cold packs usually contain ammonium nitrate and water (see Figure 3).

When ammonium nitrate dissolves it absorbs energy from its surroundings, TO HEAT CONTAINER \

making them colder. These cold packs are used as emergency treatment for B i i o

sports injuries. The coldness reduces swelling and numbs pain. RO,

The ammonium nitrate and water (sometimes present in a gel) are kept . HS;EPF;T?WS from pink

separate in the pack. When squeezed or struck the bag inside the water pack W it e e

breaks releasing ammonium nitrate. The instant cold packs work for about '. STEP 5

20minutes. I': Once hot, shake 5to 10 s
seconds then twist lidto ¢

They can only be used once but are ideal where there is no ice available to | ?Eﬁ_;ﬂggmdenjw
treat a knock or strain. \

‘dnapis
WBu uBd wim pue
SAONDJIS S HEM

£ dils

JBQWIEBYD LONEARIE
BU) CJUI SUIRIP JATEM PAINDIDD
PUE SJBA] [B4S |10} [ELLAIU

|un QHYMNMOQ uonng

ysnd KWK ‘quing Buis
"BOBLINS TE) UD JBUIEIUOD BOBld

¢ dilS

wogoq [ejsw
Jooud-Jadwe) 4o TiNd
L 4318

Figure 2 Development of this self-heating
can in the USA took about 10 years

The same endothermic change can also be used to chill cans of drinks.

Figure 3 Instant cold packs can be applied as soon as an injury occurs to minimise damage

Summary questions
1 a Describe the chemical reaction which takes place in a disposable
hand warmer. g
Describe how a re-usable hand warmer works. Key points

b

¢ Give an advantage and a disadvantage of each type of hand warmer.
d Name one use of an exothermic reaction in the food industry.
a
b
c

B Exothermic changes
can be used in hand

2 a Give two uses of endothermic changes. warmers and self-heating
Which endothermic change is often used in cold packs? cans. Crystallisation of a
The solid used in cold packs is often ammonium nitrate. supersaturated solution is
i Give the formula of ammonium nitrate. used in reusable warmers.
ii State another use of ammonium nitrate. However, disposable, one-off
3 a Which solid is usually used in the base of self-heating coffee cans? warmers can alve off hieat for
b Write a balanced symbol equation, including state symbols, for the lenger;
reaction of water with the solid in part a. B Endothermic changes can be
¢ Why is it essential that the coffee stays out of contact with the solid in used in instant cold packs
o S
\ part a7 ) . for sports injuries. )

—_———
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Energy changes in chemical reactions

Energy and reversible reactions

Energy changes are involved in reversible reactions too. Let’s consider an
example.

Learning objectives

After this topic, you should Figure 1 shows a reversible reaction where A and B react to form C and D.
Know: The products of this reaction (C and D) can also react to form A and B again.

= what happens in the energy
transfers in reversible
reactions.

If the reaction releases energy
when it goes in this direction ...

... it will absorb exactly the same amount
of energy when it goes in this direction Figure 1 A reversible reaction

If the reaction between A and B is exothermic, energy will be released when
the reaction forms C and D.

If C and D then react to make A and B again, the reaction must be
endothermic. What’s more, it must absorb exactly the same amount of energy
as it released when C and D were formed from A and B.

Energy cannot be created or destroyed in a chemical reaction. The amount of
energy released in one direction in a reversible reaction must be exactly the
same as the energy absorbed in the opposite direction.

You can see how this works if you look at what happens when you heat blue
copper(i) sulfate crystals. The crystals contain water as part of the lattice
formed when the copper(u) sulfate crystallised. The copper sulfate is hydrated.
Heating the copper(i1) sulfate drives off the water from the crystals, producing
white anhydrous (‘without water’) copper(11) sulfate. This is an endothermic

reaction.
CuSO,-5H,0 = CuSO, +5H,0
hydrated = anhydrous + water
copper(i1) sulfate (blue) copper(u) sulfate (white)

When water is added to anhydrous copper(u) sulfate it forms hydrated copper(u)
sulfate. The colour change in the reaction, from white to blue, is a useful test for
the presence of water. The reaction in this direction is exothermic. In fact, so much
energy may be produced that you may see steam rising as the water boils.

Figure 2 Hydrated copper(n) sulfate and white anhydrous copper(u) sulfate

A ———
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Energy changes in a reversible reaction l

Figure 3 Heating hydrated m
copper(n) sulfate

Gently heat a few copper(u) sulfate crystals in a test tube. Observe the

changes. When the crystals are completely white allow the tube to cool to

room temperature (this takes several minutes). Add two or three drops of

water from a dropper and observe the changes. Carefully feel the bottom of

the test tube.

B Explain the changes you have observed.

You can repeat this with the same solid, as it is a reversible reaction, or try
with other hydrated crystals, such as cobalt(i1) chloride. Some are not so
colourful but the changes are similar.

Safety: Wear eye protection. Avoid skin contact with cobalt(i1) chloride
Goxic}. Copper salts are harmful. )

You can soak filter paper in cobalt(i) chloride solution and allow it to dry in an
oven. The blue paper that is produced is called cobalt(u) chloride paper. The
paper turns pale pink when water is added to it, so it can be used as an
indicator for water.

Summary questions
1 a How does the enthalpy change for a reversible reaction in one

direction compare with the enthalpy change for the reaction in the
opposite direction?

b What can anhydrous copper(u) sulfate be used to test for?

¢ Why does blue cobalt(i1) chloride tum pink if left out in the open air?

d When water is added to blue cobalt(n) chloride is energy released or
absorbed?

2 Areversible reaction gives out 50 kilojoules (kJ) of energy in the forward
reaction. In this reaction W and X react to give Y and Z.
a Write an equation to show the reversible reaction.
b What can you say about the energy transfer in the reverse reaction?

3 Blue cobalt(n) chloride crystals turn pink when they become damp. The
formula for the two forms can be written as CoCl,-2H,0 and CoCl,-6H,0.
a How many moles of water will combine with 1 mole of CoCl,-2H,0?
b Write a balanced chemical equation for the reaction, which is reversible.
¢ How can pink cobalt(i1) chloride crystals be changed back to blue

\ cobalt(i1) chloride crystals? J

Energy and reversible reactions

Figure 4 Blue cobalt(i) chloride paper
turns pink when water is added

Key points

B |nreversible reactions, one
reaction is exothermic and
the other is endothermic.

B In any reversible reaction, the
amount of energy released
when the reaction goes in
one direction is exactly equal
to the energy absorbed when
the reaction goes in the

opposite direction.
_ _J
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Learning objectives

After this topic, you should
know:

= how to measure the energy
released by different fuels

L' the units of energy.

Metal can
containing
water
(calorimeter)

Figure 1 The energy released by fuels
and foods when they burn can be
compared using a simple calorimeter. The
energy content of foad is often given in
units called calories. However, the joule is
the usual scientific unit of energy.

CD links

For more information on exothermic
reactions, look back at 11.1
‘Exothermic and endothermic
reactions’.
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Energy changes in chemical reactions

Comparing the energy released

by fuels

You have already seen that exothermic reactions release energy. When we burn
a fuel, we use this energy to keep ourselves warm or we use it for transport.

Not all fuels release the same amount of energy when they burn. Some
combustion reactions are more exothermic than others. It is often very important to
know how much energy a fuel releases when it bums. In a school chemistry lab it
is very difficult to measure accurately the energy released by fuels when they bum.

The actual amount of energy released by a buming fuel in an experiment is related to
the rise in temperature of the water in a calorimeter (a glass or metal container). The
larger the rise in temperature, the more energy has been released (see Figure 1).

Calculating the energy released

There is an equation you can use to work out the energy released,
measured in joules (J):

energy _ mass of water i specific heat capacity ” rise in
released ~ heated of water temperature

This is sometimes written as:
Q=mcAT

Where:

Q is the energy released by the fuel (in joules, J)

m is the mass of water heated in the calorimeter (1 cm? of water has a mass
of 1g)

c is the specific heat capacity of water (this is the amount of energy needed
to raise 1g of water by 1°C)

AT is the rise in temperature (i.e., the final temperature of the water minus
the initial temperature).

Worked example

In an experiment, a burning fuel raised the temperature of 50cm?® of water
from 16°C to 41 °C. How much energy was released by the fuel? (4.2J of
energy raises the temperature of 1g of water by 1°C.)

Solution
Write down the data given:

Mass of water heated in the calorimeter = 50g
Specific heat capacity of water =4.2J/g°C
Rise in temperature of the water =41°C-16°C=25°C

Now use the data in the equation Q = mc AT (which will always be
provided for you in the exam):

Q = mcAT

Q=50x42x%x25J

Q = 52504 (or 5.25kJ)

-
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Com paring the energy released by fuels

It is useful to be able to compare the energy content of different fuels. Their

combustion data is given as the number of joules (or kilojoules) of energy m
released per gram or per mole of fuel burnt. Comparing the energy
released when fuels burn

In the experiment described in the worked example, the fuel was weighed before
and after bumning. It was found that the mass had decreased by 0.2g. So the energy You can compare the energy

given out in the experiment will be muttiplied by the number of 0.2g there are in 1g. released by different fuels
1 when they burn. The fuels are
energy released per gram = 5.25 x 0o kd/g burnt to heat water in a copper
=26.25kJ/g can or a glass beaker. Measure

the temperature changes
produced by different fuels,
and then compare the energy
they release when they bum.
Use the worked example to

Suppose you know that the relative formula mass of the fuel is 46. You can now
also work out the energy released per mole. One mole of the fuel has a mass of
46 9. So the energy given out in the experiment will be multiplied by the number
of 0.2g there are in 46g:

energy released per mole =5.25 x g—gk&mol help with your calculations.
— 1207.5kJ/mol ® What variables must you
control in order to compare
And as it is an exothermic reaction you can write: the energy released by
AH = =1207.5kJ/mol different fuels?

Safety: Wear eye protection.
Qake care with burning fuels. )

Measurements using simple calorimeters are not accurate because of
energy losses, but they can be used to compare the amounts of energy
! released.

Summary questions
1 A simple calorimeter was used to compare the energy released by three

different fuels. The results were as follows:

Mass of fuel Volume of Initial Final K int

burnt (g) water (cm?®) temperature temperature
e (C) ® When fuels and food react
Fuel A 0.24 160 18.0 28.0 with oxygen, energy is
released in an exothermic
reaction. The unit of energy
Fuel C 0.27 150 18.0 27.0 is the joule (but calories are

still often used for the energy
content of foods).

Fuel B 0.18 100 18.0 26.0

a Using the equation Q = mc AT, calculate the energy released by each
fuel in the three tests. (4.2 J of energy raises the temperature of 1g of

water by 1°C.) B A simple calorimeter can be
b Calculate the energy released per gram for each fuel. used to compare the energy
¢ Armrange the fuels in order of the amount of energy they release per gram. released by different fuels or
d The relative formula mass of Fuel A is 48, Fuel B is 42, and Fuel C is 58. different foods in a school
What is the energy released by Fuels A, B, and C in kilojoules per chemistry lab.

mole (kJ/mol)?
e Now arrange the fuels in order of the amount of energy they release
per mole.

B Use the equation Q = mc AT
to calculate the amount of

energy transferred from a
f Comment on the accuracy of the figures for the amount of energy oy

: burning fuel or food to the
\ released per mole of fuel burnt that were calculated in part d. ) Water it S calsHmatse

. J
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Learning objectives

After this topic, you should

know:

B how to measure the energy
change for a reaction that
takes place in solution.

J

Study tip

You do not have to learn the

equation Q =mcAT

In the exam this equation will

be provided for you, but you
. should know how to use it.

RM.DL.BOOKS GROUPS .
Energy changes in chemical reactions

Energy transfers in solutions

You can use a simple calorimeter to measure temperature changes in
reactions involving solutions. You can use a polystyrene cup as a simple
calorimeter with a thermometer to monitor reactions of solids with solutions,
or between solutions.

The temperature change in
reactions such as those when
solids are added to aqueous
solutions can be measured,

for example, in displacement or
neutralisation reactions.

The thermometer is used to

measure the temperature
change which tﬂkg place The insulated cup reduces the rate
during the reaction. of energy transfer to or from the

surroundings.

Polystyrene cup

Figure 1 A simple calorimeter used to measure energy changes in solution. Polystyrene is a
good thermal insulator, which helps to reduce energy transfer through the sides of the
container during reactions. A lid on the calorimeter reduces energy transfer to the
surroundings even further.

You have seen how to calculate actual energy changes using:
Q=mcAT
In words:

energy = mass of water x specific heat x changein
released heated capacity of water temperature

In these calculations, assume that the solutions behave like water.

So 1cm? of solution has a mass of 1g. Assume also that solutions have a

specific heat capacity of 4.2 J/g°C. Therefore 4.2J of energy raises the temperature
of 1g of solution by 1°C. Look at the worked example on the next page.

Mm

easuring energy changes in reactions
You can use a simple polystyrene calorimeter to work out the energy
changes in the following:
B jron filings + copper sulfate solution (a displacement reaction)
B magnesium ribbon + dilute hydrochloric acid
B sodium hydroxide solution + dilute hydrochloric acid (a neutralisation
reaction)

B dissolving potassium nitrate, anhydrous copper sulfate, and other salts
in water

Safety: Wear eye protection. Copper sulfate is harmful. Sodium hydroxide,
if equal to or less than 0.4 mol/dm?, is irritant. Potassium nitrate is oxidising.
\Eilute hydrochloric acid is an irritant. Y,

-—
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Energy transfers in solutions

The energy released by an
exothermic reaction heats up
the water (and its container).

Worked example
A simple calorimeter is used to measure the energy change in the reaction:

A+B-C The temperature rise is
60cm? of a solution containing 0.1 moles of A is mixed with 40cm® of a proportional to the amount of
solution containing 0.1 moles of B. The temperature of the two solutions \ energy released. /

before mixing was 19.6 °C. After mixing them, the maximum temperature
reached was 26.1 °C. Calculate the enthalpy change (AH) of the reaction.

Solution
Step 1 - calculate the temperature change:

temperature change =26.1°C - 19.6°C
=6.5°C
Step 2 - calculate the energy change:
Q=mcAT
The mass of solution heated up in the reaction is 60g + 40g = 100g

energy change =100g x 4.2J/g°C x 6.5°C
=2730J
=2.73kJ

This is the energy change when 0.1 moles of reactants A and B are mixed.
So when 1 mole of reactants are mixed there will be 10 times as much
energy released (1 mole is 10 x 0.1 moles) ¥

energy

27.3 kJ/mol released

=2.73kd x 10

=27.3kd progress of reaction
So this experiment gives the energy change for the reaction: Figure 2 Here is the energy level diagram

for the reaction A +B — C
A+B—C
as 27.3kJ/mol. D links
The temperature rises so the reaction is exothermic. Therefore: For more information on energy
AH = -27.3kJ/mol level diagrams, see 11.6 ‘Energy

level diagrams’.

Summary questions
1 Why is polystyrene a good material for a simple calorimeter used for Key points

measuring temperature changes of reactions in solution?
B You can calculate the energy
2 A student added 25 cm? of dilute hydrochloric acid to 25 cm?® of sodium change for reactions in

hydroxide solution in a polystyrene calorimeter. She recorded a solution by measuring the
temperature rise of 5.5°C. There were 0.050 moles of both the acid and temperature change and
the alkali used in the experiment. using the equation:
a Write a balanced symbol equation, including state symbols, for the Q =mcAT

reaction that takes place.
b What is this type of reaction called? (The equation will be given in
¢ Calculate the concentration of the solutions used in this experiment in the exam.)

moles per decimetre cubed (mol/dm?). ® Neutralisation and
d Using Q = mcAT, work out the energy change in the experiment. displacement reactions are

(Specific heat capacity of the solution is 4.2 J/g°C.) both examples of reactions
e What would be the change in enthalpy, AH, for this reaction in kd per that you can use this

n :
\ mole? ) L technique for. s

D S CG— . -



Learning objectives

After this topic, you should

know:

® what energy level diagrams
show us

= how catalysts affect the
activation energy of a
reaction

B the energy changes when
bonds are broken

B the energy changes when
bonds are made.

D links

For more information about the
enthalpy change, AH, in chemical
reactions, look back at 11.1
‘Exothermic and endothermic
reactions’.
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Energy changes in chemical reactions

Energy level diagrams

You can find out more about what is happening in a particular reaction by
looking at its energy level diagram. These diagrams show us the relative
amounts of energy contained in the reactants and the products. This energy is
measured in kilojoules per mole (kd/mol).

Exothermic reactions

Figure 1 shows the energy level diagram for an exothermic reaction. The
products are at a lower energy level than the reactants. Therefore when the
reactants form the products, energy is released.

Reactants

energy

Energy is released

I Products

Figure 1 The energy
level diagram for an
exothermic reaction

progress of reaction

The difference between the energy levels of the reactants and the products is
the energy change during the reaction, measured in kdJ/mol.

The difference in energy between the products and the reactants is released to
the surroundings. Therefore in exothermic reactions the temperature of the
surroundings increases. The surroundings get hotter and the value of AH for
the reaction has a negative sign.

Endothermic reactions

Figure 2 shows the energy level diagram for an endothermic reaction.

Products

energy

Energy is absorbed

Reactants

Figure 2 The energy
level diagram for an
endothermic reaction

progress of reaction

Here the products are at a higher energy level than the reactants. As the
reactants react to form products, energy is absorbed from the surroundings.
The temperature of the surroundings decreases because energy is taken in
during the reaction. The surroundings get colder. The products are at a higher
energy level than the reactants, and the value of AH for the reaction is given a
positive sign.

-—
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Energy level diagrams

Activation energy and catalysis Activation energy

{the energy needed
to start a reaction)

Think back to your work on rates of reaction in Chapter 9. There you learnt
about the collision theory of reactions. This stated that there is a minimum
amount of energy needed before colliding particles can react. This energy
needed to start a reaction is called the activation energy. This can be shown on
the energy level diagrams. Look at Figure 3.

Reactants

energy

Catalysts can increase the rate of a reaction. The way they do this is to provide
an altemative pathway to the products, which has a lower activation energy.
This is shown on the energy level diagram in Figure 4. This means that a higher

proportion of reactant particles now have enough energy to react when they

collide. Figure 3 The minimum amount of energy
needed to start a reaction is called its
activation energy

progress of reaction

Bond breaking and bond making

Think about what happens as a chemical reaction takes place. You can think of Activation energy
the chemical bonds between the atoms or ions in the reactants being broken. (the energy needed
fo start a reaction)

Then new chemical bonds can be formed to make the products.

B Energy has to be supplied to break chemical bonds. This means that = ; o
b . i 5 . £ Reactants i~ Lower activation
breaking bonds is an endothermic process. Energy is taken in from the 2 energy using
surroundings. a catalyst

B But, when new bonds are formed, energy is released. Making bonds is an

exothermic process. Products

progress of reaction
H+H H~ H~_ . . .
+ 0=%0 — 0 + -0 Figure 4 A catalyst provides a different
H+H H H reaction pathway with a lower activation
energy, so that a higher proportion of
Figure 5 Hydrogen and oxygen react to make water. The bonds between hydrogen atoms reactant particles have enough energy to
and between oxygen atoms have to be broken so that bonds between oxygen atoms and react

hydrogen atoms in water can be formed.

Remember that Breaking bonds
aBsorbs energy, foRming
| bonds Releases energy.

Summary questions
1 Draw energy level diagrams for the following reactions:

a H,g) + Cl,(g) — 2HCI(g)
AH for the reaction is -184kJ/mol. Key points
b H,(@) +1,@ — 2HI(g)

AH for the reaction +26.5 kJ/mol. ® You can show the relative
difference in the energy of

reactants and products on
energy level diagrams.

2 a Draw an energy level diagram for an endothermic reaction, X - Y + Z,
including its activation energy.
b Now show, on your energy level diagram drawn in part a, the effect of
adding a catalyst. B Catalysts lower the activation
¢ Explain how a catalyst increases the rate of a reaction. energy so a greater
proportion of reactant
particles have enough energy

3 a Explain why bond breaking is an endothermic process.
b Using a diagram like Figure 5 above, show the bonds being broken

and new bonds made in the reaction between methane (CH,) and to react.
oxygen which produces carbon dioxide and water. B Bond breaking is
¢ List the number and type of each bond broken and formed in your endothermic, whereas bond
\ answer to part b. ) making is exothermic.
\_ _J
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Learning objectives

After this topic, you should
know:

® how the balance between
bonds breaking in the
reactants and bonds being
made in the products affect
the overall energy change of
a reaction

® how to use bond dissociation
energies to calculate energy
changes in reactions.

J

Bond breaking
H(g) + H(g)
=
=3 436 kJ/mol of
. energy absorbed
H-H(g)
progress of reaction
Bond making
H(g) + H(g)
=
o 436 kJ/mol of
@ energy released
: H-H(g)

progress of reaction

Figure 1 Breaking and making a
particular bond always involves the same
amount of energy, but the change in
enthalpy will have opposite signs {+ for
bond breaking and - for bond making)
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Energy changes in chemical reactions

Bond dissociation energy

calculations

Making and breaking bonds

There is always a balance between the energy needed to break bonds and the
energy released when new bonds are made in a reaction. This is what decides
whether the reaction is endothermic or exothermic.

H |n some reactions the energy released when new bonds are formed (as the
products are made) is more than the energy needed to break the bonds in
the reactants. These reactions transfer energy to the surroundings. They are
exothermic.

B |n other reactions the energy needed to break the bonds in the reactants is
more than the energy released when new bonds are formed in the products.
These reactions transfer energy from the surroundings to the reacting
chemicals. They are endothermic.

Bond dissociation energy

The energy needed to break the bond between two atoms is called the bond
dissociation energy for that bond.

Bond dissociation energies are measured in kJ/mol. You can use bond
dissociation energies to work out the enthalpy change (AH) for many chemical
reactions. Before you can do this, you need to have a list of the most common
bond dissociation energies:

Bond Bond dissociation energy Bond Bond dissociation energy
(kd/mol) (kd/mol)
c-C 347 H-CI 432
c-O0 358 H-O 464
C-H 413 H-N 391
C-N 286 H-H 436
c-cl 346 0=0 498
CI-Cl 243 N=N 945

To calculate the energy change for a chemical reaction you need to work out:

1 how much energy is needed to break the chemical bonds in the reactants

2 how much energy is released when the new bonds are formed in the
products.

It is very important to remember that the data in the table is the energy required
for breaking bonds. However, the energy released as these bonds are formed
is the same (see Figure 1).

For example, the bond dissociation energy fora C—C bond is +347 kdJ/mol
(an endothermic change). This means that the energy released forming a
C—C bond is =347 kJ/mol (an exothermic change).

e ———
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Bond dissociation energy calculations

Worked example

Ammonia is made from nitrogen and hydrogen in the Haber process. The balanced symbol equation for this reaction is:
N,(g) + 3H,(g) = 2NH,(9g)

Calculate the overall energy change for the forward reaction using bond dissociation energies.

Solution

This equation tells us that you need to break the bonds in 1 mole of nitrogen H—H
molecules and three moles of hydrogen molecules in this reaction. Look at Figure 2. N=N :::
Nitrogen molecules are held together by a triple bond (written like this: N=N). Figure 2 These bonds are broken in
This bond is very strong. Using data from the table, its bond energy is 945 kJ/mol. the forward reaction

Hydrogen molecules are held together by a single bond (written like this:

H—H). From the table, the bond energy for this bond is 436 kJ/mol. /N\ /N\

The energy needed to break 1 mole of N=N and 3 moles of H—H bonds is H | H H Ill H

945 + (3 x 436) kd =+2253kJ (given a plus sign as this is an endothermic process). )
Figure 3 These bonds are made in the

When these atoms form ammonia (NH,), six new N—H bonds are made as two moles forward reaction
of NH, are formed (see Figure 3). The bond energy of the N—H bond is 391 kJ/mol.

Energy released when six moles of N—H bonds are made = 6 x 391 kd = 2346 kJ
(given a minus sign as this is an exothermic process).

Figure 4 shows the overall energy change for the forward reaction, as written.

So the overall enthalpy change (AH)
= (+2253 kJ) + (-2346 kJ)
=-93kdJ (This is the energy released in the forward reaction as written above.)

2N+ 6H Key points

I
H In chemical reactions, energy

must be supplied to break
2253kJ i the bonds between atoms in

& of energy | i 2346kJ
g EleOI‘brgg of energy the reactants.
& released
u When new bonds are formed
N, + 3H Figure :‘efhgef;”;’;:j”‘ Oitff?h”;"f’:ﬂ- T;:?e F between atoms in a chemical
2 energy refeased, . is for rmation o ; -
93 kJ of energy IrZNH3 2 moles of ammonia as shown in the balanced reaction, energy is released.
released —_— equation. So if you wanted to know the energy % In an exotherriic reachorn. the
change for the reaction per mole of ammonia ?
formed, it would release exactly haff this, that energy released when new
progress of reaction is, 46.5kJ/mol. bonds are formed is greater

than the energy absorbed
when bonds are broken.

Summary questions
® In an endothermic reaction,
1 If the energy required to break bonds is greater than the energy released the energy released when

when bonds are made, will the reaction be exothermic or endothermic? new bonds are formed is less
2 What is meant by the ‘bond dissociation energy’ of a chemical bond? than the energy absorbed
3 Write balanced symbol equations and calculate the energy changes for when bonds are broken.
the following chemical reactions: ¥ You can calculate the overall
a hydrogen + chlorine — hydrogen chloride energy change in a chemical
b hydrogen + oxygen — water reaction using bond
\ (Use the bond energies supplied in the table on the previous page.) ) . energies. |

_
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Energy changes in chemical reactions

Chemical cells and batteries

Did you realise that the electrical cells and batteries used in many mobile
appliances rely on the differing reactivity of metals? You have seen in Chapter 4
how metals can be extracted from their ores and how the method used is
related to the metal’s position in the reactivity series.

Learning objectives

After this topic, you should

know:

= how to interpret data on You also used this order of reactivity to predict displacement reactions, as a
chemical cells in terms of the more reactive metal will displace a less reactive metal from its compounds.
relative reactivity of different For example:
metals

Zn(s) + CuSO,(aq) — ZnSO,(aq) + Cu(s)
¥ how to evaluate the use of

chemical cells when given The sulfate ions do not change in the displacement reaction above.
information They are spectator ions.
B how to plan and carry out an So you can leave them out of the equation and write an ionic equation:

investigation of the voltage
produced by simple cells
using different metals. You can think of this redox reaction as two half equations.

Zn(s) + Cu?+Haq) — Zn*+aq) + Cu(s)

One will represent reduction:

Cu®+(aq) + 2e— — Cu(s)
The Cu%+ ions are reduced to Cu.
The other will be an oxidation reaction:

Zn(s) — Zn*+Haq) + 2e-

The Zn atoms are oxidised to Zn?+ ions.

You can use this difference in reactivity to make electrical cells and batteries.
¥ 2 (A battery is made up of two or more cells joined together to increase the
Figure 1 There are many different types voltage available.) If you join the two metals together by a wire and dip them
of electrical cells and batteries used in into an electrolyte, such as a salt solution, electrons will flow through the wire
mobile electrical appliances from the zinc to the copper.

In a simple cell like that shown in Figure 2, zinc atoms donate electrons via the
connecting wire to the copper(i1) ions, so zinc acts as the negative terminal of
the cell. The flow of electrons is an electric current. The current will flow in the
circuit until one of the reactants, Zn(s) or Cu?+(aq), is used up. You can use the
current to light a lamp.

—Zincrod  Remember that there is a tendency for any metal atom to give away electrons

Copper 4—— | —— and form a positive ion. The greater the tendency to form their positive ion, the

/[
VAL

od | more reactive the metal is. So the copper(i1) ions accept electrons from the
= Salt zinc atoms and change into copper atoms.
™ solution
ordiute N general:
@ - - L The greater the difference in reactivity between the two metals used, the
higher the voltage produced.

Figure 2 An electrical cell made from
zinc and copper. The electrons flow from
the more reactive metal (zinc) to the less
reactive metal (copper). So zinc acts as
the negative terminal of the cell, providing
electrons to the external circuit.

-
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You can test this out in the following experiment. Place a voltmeter in the
external circuit. The voltage reading will give you a measure of the difference in
reactivity between the two metals used in the cell. You can think of this as the
difference in the metals’ tendency to give away electrons. The larger the
voltage, the bigger the difference in their power as reducing agents.

Investigating chemical cells ‘

Use this apparatus to investigate the Voltmeter
voltage produced by different metals /_(
paired with magnesium. = () -

You can also compare metals
against zinc, iron, coppet, nickel,
and tin in your electrical cells.

: Magnesium
B Record and display your Hbbon

data using a suitable table. (
B Then draw your conclusion. - [ —
B You can extend your investigation tested
to find out if any other factors
affect the voltage produced, besides the
two metals used.
B Or you can check predictions of the voltage produced by other pairs
of metals using the data in your table.

—— Salt solution

\Safety: Wear eye protection. )

The first mass-produced batteries made were called primary cells, and
improved versions are still manufactured today. They cannot be recharged.
The dry cell, with electrodes made of zinc and carbon, are non-rechargeable,
as are the popular, modem alkaline cells that can produce a larger voltage.
Once one of the reactants has run out, the cell stops working and should be
disposed of in a recycling centre.

Other cells can be recharged and used over and over again. In the recharging
process, the battery is connected to a power supply that reverses the reactions
that occur at each electrode when the cell is discharging. This regenerates the
original reactants.

Summary questions
1 Why is it not possible to make an electrical cell using two electrodes made

of zinc metal?

2 An electrical cell is made using the metals iron and zinc as the two
electrodes, and a salt solution as the electrolyte.
a Draw a diagram of the electrical cell set up with a lamp in the external
circuit.
b Which metal is reduced in the cell?
¢ Explain which metal will act as the negative terminal of the cell.
Include two half equations in your answer.

3 Using Figure 3, explain two disadvantages of the zinc-carbon cell
\ compared with some other more modern cells. )

Chemical cells and batteries

D links
To revise the reactivity series
see 4.3 The reactivity series’.

Brass terminal (+)

Sealant

Powdered 4—— Carbon rod

carbon and
manganese(1v) )
axide T Zinc

casing (—)

Ammanium (+—— Cardboard
chloride
paste

-

Figure 3 A zinc-carbon dry cell produces
a voltage of about 1.5V, but cannot be
recharged and is prone to leakage if left in
an appliance for a long period of time

® Metals tend to lose electrons
and form positive ions.

® When two metals are dipped
in a salt solution and joined
by a wire, the more reactive
metal will donate electrons to
the less reactive metal. This
forms a simple electrical cell.

B The greater the difference in
reactivity between the two
metals, the higher the voltage

produced by the cell.
\ J
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Learning objectives

After this topic, you should

know:

® that hydrogen-oxygen fuel
cells can be used to run
vehicles

® that when in use, the only
waste product of hydrogen-
oxygen fuel cells is water,
reducing pollution compared
with the use of fossil fuels

® the advantages and
disadvantages of using
hydrogen as a fuel.

&
Figure 1 A Mercedes-Benz London
bus runs on fuel cells

.’)? Did you know ... ?

Hydrogen refuelling stations
tend to have no roof. Then if
there is a leak of hydrogen, it
will escape upwards into the
atmosphere. This reduces the
risk of an explosion.

RM.DL.BOOKS GROUPS, .
Energy changes in chemical reactions

Much of the world’s pollution is caused by the increasing numbers of vehicles
on our roads. Some people think that the best solution would be to move away
from fossil fuels, especially crude oil, and build a society which relies on
hydrogen-based fuels.

A more efficient use of the energy from oxidising a fuel is in a fuel cell. For
example, hydrogen—oxygen fuel cells are fed with hydrogen and oxygen which
produce water. Most of the energy released in the reaction is transferred to
electrical energy. This can be used to run a vehicle. However, we need a constant
supply of hydrogen to run the fuel cell.

Scientists are aware that replacing engines powered by fossil fuels with ‘cleaner’
energy sources could have great benefits. Therefore they have developed many
types of fuel cell and hydrogen-powered engines. The challenge is to match the
performance, convenience, and price of petrol or diesel cars.

:} Electrical current
A

Hydrogen fuel cell

Hydrogen in Oxygenin
H, ﬁ e 0,
I
OH? &
o —
Lo
H,0 : z
&
Water and 2 o
energy out |
/ / A

7 7 v
Positive pole Electrolyte Negative pole

Figure 2 A hydrogen fuel cell which has an alkaline electrolyte. Notice that the only waste
product is water when the cell is in use.

Hydrogen - a fuel for the future

Scientists are very interested in developing hydrogen as a fuel for combustion
engines that can be used in vehicles. It burns well with a very clean flame as
there is no carbon in the fuel:

hydrogen  + oxygen - water

2H,(g) +  0OJ9 - 2H,0()

As you can see in the equation, water is the only product in the combustion of
hydrogen. There are no pollutants made when hydrogen burns and no extra
carbon dioxide is added to the air. Therefore, it would help tackle global
warming and climate change. Not only that, water is potentially a huge natural
source of hydrogen. The hydrogen can be obtained from water by electrolysis.
However, the electricity needed to break down the water into hydrogen and
oxygen must be supplied by a renewable energy source to conserve fossil
fuels and control carbon dioxide emissions.

e ———
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Problems with hydrogen

However, there are problems that need to be solved before hydrogen becomes

a common fuel.

B When mixed with air and ignited it is explosive. So there are safety concerns
in case of leaks, or accidents, in vehicles powered by hydrogen.

® Vehicles normally run on liquid fuels but hydrogen is a gas. Therefore, it
takes up a much larger volume than liquid fuels so storage becomes an
issue. We can use high-pressure cylinders but these also have safety
problems in crashes.

Oxidising hydrogen in fuel cells is much more efficient than burning it so this
could be the way forward. These cells are used in spacecraft and can be used
to run a vehicle. However, a constant supply of hydrogen is needed to run the
fuel cell and there are advantages and disadvantages.

Advantages of hydrogen fuel cells

B They do not need to be electrically recharged.

B There are no pollutants produced.

B They can be designed in a range of sizes for different uses.

Disadvantages of hydrogen fuel cells

B Hydrogen is highly flammable.

B Hydrogen is sometimes produced for the cell by non-renewable sources.
B Hydrogen is difficult to store.

Summary questions
1 Copy and complete the sentences using the words below:

water fuel  oxygen carbon combustion carbon dioxide

engines in Key points

Hydrogen can be used as an alternative fuel to burn in _

cars. It can also power electrical cars that run on _ cells.

- -
In both these uses, hydrogen reacts with __to form __ . This ::::::: f?]feizel-:; ‘:I:vzhf:eon
helps to reduce levels of __ in the atmosphere, reducing the fuel's ) hal

are non-renewable and they
cause pollution. Alternative
2 Your family decides to buy an electric car that needs regular recharging fuels, such as hydrogen,
by plugging it into an electrical socket in your garage. Why would this need to be found soon.
not necessarily mean that you had found a way to get around without
adding to the carbon dioxide in the air? How could it run without
contributing to global warming?

e footprint compared with petrol or diesel.

B Hydrogen can be burnt
in combustion engines or
used in fuel cells to power

3 a Explain why hydrogen is potentially a pollution-free fuel. Include a vehicles. However, it does
balanced symbol equation in your answer. have problems to overcome
b Explain two problems that have to be overcome before hydrogen is in its use as a fuel, such as
\ used as an everyday fuel. ) safety and storage issues.
\_ _J
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Energy changes in chemical reactions

Chapter summary questions

1 Two solutions are mixed and react in an endothermic 4 Hydrogen peroxide has the structure H—O—0O—H.
reaction. When the reaction has finished, the reaction It decomposes slowly to form water and oxygen.
mixture is allowed to stand until it has returned to its

2H,0,(aq) — 2H,0()) + O,(9)

starting temperature.
) ) ) The table shows the bond dissociation energies for
a Sketch a graph of temperature (y-axis) against time

: - different types of bond.

(x-axis) to show how the temperature of the reaction

mixture changes. Bond Bond dissociation energy (kJ/mol)
b Label the graph clearly and explain what is happening H—O 464

whereyer you have shown that the temperature is H—H 436

changing.

; : , 0-0 144

¢ In the experiment 15cm® of one solution was mixed

with 25 cm? of the other solution, and once mixed the 0=0 498

temperature fell from 18°C to 15°C. Use Q = mc AT,
wherec =4.2J/g°C (i.e., 4.2J of energy raises the
temperature of 1 g of water by 1°C), to calculate the
energy absorbed in the experiment.

a Use the bond dissociation energies to calculate the
enthalpy change, AH, for the decomposition of
hydrogen peroxide as shown above.

b Explain the sign (+ or ) in your answer to part a in

2 a Draw an energy level diagram to show the exothermic terms of bond breaking and making.
reaction between nitric acid and sodium hydroxide,
including its activation energy. § Bomb calorimeters are used in research laboratories to

calculate the energy in food.

Ll

b Draw an energy level diagram to show the endothermic
change when ammonium nitrate dissolves in water,

. B . Electrical
including its activation energy. supply

¢ Show an energy level diagram, including its activation
energy, for the exothermic breakdown of hydrogen Jacket g fgl’l‘gg;"
peroxide into water and oxygen. Then add to your I Tnaaliins
diagram to show what happens when the same Stirrer - | H—1 il pmb‘;
reaction is catalysed by manganese(iv) oxide. N

3 When you eat sugar you break it down eventually to _
produce water and carbon dioxide. Cab"glgrt“eg“ | |_J—Water bath
a Copy and complete the balanced symbol equation: 1 |
C12H22011 + 02 = S I;ir ':r ‘

b Why must your body supply energy in order to break
down a sugar molecule? As you can see from this diagram, it is sealed and has its

¢ When you break down sugar in your body, energy is own supply of oxygen. There is a supply of electricity to
released. Explain where this energy comes from in produce a spark that will ignite the food. The increase in
terms of the bonds in molecules. temperature of the water around the bomb is measured.

d A person can get about 1700kJ of energy by breaking a Using a bomb calorimeter, a food scientist burnt a
down 100g of sugar. sample of a sugar. There were 250 cm® of water in the
If a heaped teaspoon contains 5 g of sugar, how much calorimeter and its temperature went from 18 °C to
energy does this release when broken down by their 44°C.
body? Use Q =mcAT, where c=4.2J/g°C (i.e., 4.2J of

energy raises the temperature of 1 g of water by 1°C),
to calculate the energy released by the burning sugar.

b The scientists burnt 0.01 moles of the sugar in the
bomb calorimeter. How much energy does this sugar
release in kd per mole?
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Practice questions

1 Most chemical reactions are exothermic. Some are They obtained these results.
endothermic.
) ) Student | Mass of fuel Start End
Some equations are shown with a AH value. bumt in temperature | temperature
a i What is the difference between these types of grams of water in °C | of water in °C
reaction? (@) 1 0.32 16.5 29.0
il What is the meaning of AH? (1)
iii How can you decide from the AH value whether a 2 0.38 17.0 32.0
reaction is exothermic or endothermic? (1)
3 0.35 18.0 32.5
b The progress of a reaction can be represented on an
energy level diagram. a i What temperature rise did student 1 obtain? (1)
A ii Which student obtained the biggest increase in
temperature? (1)

b The amount of energy released can be calculated
using this expression:

Reactants

energy

specific heat
x capacity of x
Products water
C i Use this expression to calculate the energy, in
joules, released in student 3’s experiment. Assume
that it takes 4.18 J to raise the temperature of 1 g of

mass of
water

temperature

energy = ;
gy rise

progress of reaction

The diagram represents a reaction that can be done water by 1°C. 3)

with or without a catalyst. ii Another student used the same apparatus and

i How can you decide from this diagram that the obtained a value of 6200J by burning 0.40g of fuel.
reaction is exothermic? (1) .

il What name is used for the energies represented Calculate: the energy. releasead in kel/gram. 3)
by arrows A and B? 1) ¢ Why is the calculated value of energy released in these

iii Why is arrow B shorter than arrow A? 1) experiments much less than the true value? (1)

iv What is the enthalpy change for the reaction? (1)
3 The energy change in a reaction can be calculated using

¢ The following equation represents a reversible values of bond energy. The combustion of methane can

reaction. be represented as follows:

A+B=C+D  AH=+31kJ/mole H

What is the value of AH for the following reaction? H—(lj—H FA0=0 — 0=+ 2H—O—H
C+D=A+B (1)

H

2 Some students investigated the energy released when a Use bond energy values from the tables in your calculations.

liquid fuel burns. Bond | Bond energyin Bond | Bond energy in
They used the following apparatus. kJd/mole kd/mole
C-H 412 C=0 743
100g of
water 0=0 496 H-O 463

a Calculate the energy needed to break the bonds in the
reactants. (2)

b Calculate the energy given out when the bonds in the
products are formed. (2)

¢ What is the enthalpy change for the combustion of
methane? (1)

R




Learning objectives

After this topic, you should
know:

B what crude oil is made up of

® what alkanes are

B how to represent alkanes.

.......

(A o

Figure 1 The price of nearly everything
you buy is affected by oil because the
cost of moving goods to the shops
affects the price you pay for them

Cha|§¥eD|—L §9°Carbon compounds as fuels

Hydrocarbons

So far, some of the 21 century’s most important chemicals come from crude
oil. These chemicals play a major part in our lives. We use them as fuels to run
our cars, to warm our homes, and to make electricity.

Fuels are important because they keep us warm and on the move. So when oil
prices rise, it affects us all. Countries that produce crude oil can affect the
whole world economy by the price they charge for their oil.

Crude oil

Crude oil is a dark, smelly liquid. It is a mixture of many different chemical
compounds. A mixture contains two or more elements or compounds that are
not chemically combined together. Nearly all of the compounds in crude oil are
compounds containing only hydrogen and carbon atoms. These compounds
are called hydrocarbons.

Crude oil straight from the ground is not much use. There are too many
substances in it, all with different boiling points. Before we can use crude oil, it
must be separated into different substances which contain molecules with a
similar number of carbon atoms and have similar boiling points. These are
known as fractions. Because the properties of substances do not change
when they are mixed (as opposed to reacted), engineers can separate mixtures
of substances in crude oil by fractional distillation. Fractional distillation
separates liquids with different boiling points.

F

ractional distillation of crude oil

Mixtures of liquids can be separated using fractional distillation. This can
be done in the lab on a small scale. Heat the crude oil mixture so that it
boils. The different fractions vaporise between different ranges of
temperature. Collect the vapours by cooling and condensing them.

Thermometer
é (which can measure up to 350°C)

Crude oil .
(use CLEAPSS —f—!

; Receiving
mixture) 0 tibe
Crude oil e Go

water
soaked on
mineral

" 4 Third

S Second First
Heat fraction

Figure 2 The fractional distillation of crude oil in the lab

\l What colour are the first few drops of liquid collected? )
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Hydro carbons

Alkanes

Alkanes are saturated hydrocarbons. All the carbon—-carbon bonds are single
covalent bonds. This means that they contain as many hydrogen atoms as
possible in each molecule. No more hydrogen atoms can be added.

Most of the hydrocarbons in crude oil are alkanes. You can see some
examples of alkane molecules in Figure 3. Notice how all their names end in
‘~ane’. The first part of their names tells you how many carbon atoms are in
their molecules.

H H H H H H H H H H

HobH H-G—C—H H-CCth HoCC b bn
Lo Rl TR

Methane Ethane Propane Butane O links

Figure 3 You can represent alkanes like this, showing all of the atoms in the molecule. They Eor ifif ti TaHit
are called 'displayed formulae’. The line drawn between two atoms in a molecule e.g. C - H or o m’ ofmaiion of Govaie/
C - C, as shown above, represents a single covalent bond. bonding, loock back at 2.3

‘Covalent bonding'’.
Look at the molecular formulae of the first five alkane molecules below:

CH, (methane)

C,H, (ethane)
,H; (propane)

C,H__ (butane)

4" 10

C.H,, (pentane)

Can you see a pattern in the molecular formulae of the alkanes? You can write
the general formula for alkane molecules like this:

CH

n 2n+2

This means that ‘for every n carbon atoms there are (2n + 2) hydrogen atoms’
in an alkane molecule. For example, if an alkane molecule contains 12 carbon

atoms its formula will be C H,,.

Summary questions
1 a What is crude oil? Key points

b Why is oil so important to society?

¢ Why can crude oil be separated using distillation? ® Crude oil is a mixture of
many different compounds.

2 Engineers drill crude oil from beneath the ground or seabed. Why is this
crude oil not very useful as a product itself? ® Most of the compounds in
crude oil are hydrocarbons -
they contain only hydrogen

and carbon atoms.

3 a Write the general formula of the alkanes.
b Write the molecular formulae of the alkanes which have six to ten
carbon atoms. Then find out their names.

E Alkanes are saturated
hydrocarbons. They contain
as many hydrogen atoms as
possible in their molecules.

4 a Draw the displayed formula of octane, whose molecules have
eight carbon atoms.
b How many hydrogen atoms are there in an alkane molecule which has
22 carbon atoms?

¢ How many carbon atoms are there in an alkane molecule which has B The general formula of an
32 hydrogen atoms? alkane is:
\ d Why are alkanes described as ‘saturated hydrocarbons’? ) CH_ .
R _J
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Carbon compounds as fuels

Fractional distillation of crude oil

Learning objectives

After this topic, you should
know:

® how the volatility, viscosity,
and flammability of
hydrocarbons are affected
by the size of their molecules

B how to separate crude oil
into fractions

B the properties that make a
fraction useful as a fuel.

. J

Your teacher might compare
the viscosity and flammability
of some fractions (mixtures of
hydrocarbons with similar
boiling points) that are obtained
from crude oil.

The boiling point of a
hydrocarbon depends on the
size of its molecules. Engineers
can use the differences in boiling
points in fractional distillation to
separate the hydrocarbons in

Comparing fractions

\crude oil into fractions. )

The properties of hydrocarbons

The properties of hydrocarbons depend on the size of their molecules. Some
have molecules that are quite small, with relatively few carbon atoms in short
chains. These short-chain molecules make up the hydrocarbons that tend to be
most useful. These hydrocarbons make good fuels as they ignite easily and bum
well, with less smoky flames than hydrocarbons made up of larger molecules.
They are very flammable (see Figure 1 below). Other hydrocarbons have lots of
carbon atoms in their molecules, and may have branches or side-chains.

Long chain

M e

Short chain

Boiling point
The temperature at which the g
liquid boils or the gas condenses

T - Volatility
«_ The tendency to turn into a gas

2/
—

v Viscosity |
Resistance to flow (thickness)
Very runny
(low viscosity) (high viscosity)
Smoky
Flammability T

How easily it burns

b £

Figure 1 The properties of hydrocarbons depend on the chain-length of their molecules

Fractional distillation of crude oil

Engineers separate out crude oil into hydrocarbons with similar boiling points,
called fractions. This process is called fractional distillation. Each hydrocarbon
fraction contains molecules with similar numbers of carbon atoms. Each of these
fractions boils at a different temperature range because of the different sizes of
the molecules in it.

——
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Fractional distillation of crude oil

— Hefineryfpt_atroleum gas 7? Did you know ... ?
(short-chain hydrocarbons =

and low boiling point
alkanes, used as fuel)

2014 figures show that
Venezuela contains 17.5% of
the world’s crude oil reserves,

Gasoline/petrol with Saudi Arabia containing
(used for fuel in car engines) 15.7% of total proved
resources.

There are many different types
of crude oil. For example, crude
oil from Venezuela contains
many long-chain hydrocarbons.
. ; ; It is very dark and thick and is
Diesel oil / gas oil ; :
(used as fuel in diesel called ‘heavy’ crude. Other
engines and as boiler fuel) countries, such as Nigeria and
Saudi Arabia, produce crude oil
which is much paler in colour
and runnier. This is ‘light’ crude.

Kerosene
(used for aircraft fuel)

The oil is vaporised
= before it goes into
the tower

Residue

(very thick, sticky mixture
of long-chain hydrocarbons,
used in making roads and
flat roofs)

Figure 2 Scientists and engineers use fractional distillation to separate the mixture of hydrocarbons
in crude oil into fractions. Each fraction contains hydrocarbons with similar boiling points.

Crude oil is heated and fed in near the bottom of a tall tower (a fractionating
column) as hot vapour. The column is kept very hot at the bottom and much
cooler at the top. The temperature decreases going up the column. The gases
condense when they reach the temperature of their boiling points. The different
fractions are collected as liquids at different levels. The fractions are collected
from the column in a continuous process.

Hydrocarbons with the smallest molecules have the lowest boiling points. They
are collected at the cool top of the column. At the bottom of the column, the

fractions have high boiling points. They cool to form very thick liquids or solids ;
at room temperature. . —

Figure 3 An oil refinery at night

Key points
Summary questions ® Crude oil is separated into
1 a How does the size of a hydrocarbon molecule affect: fractions using fractional

i the boiling point? distillation.
ii the volatility?
iii the viscosity (thickness) of a hydrocarbon?

b A hydrocarbon catches fire very easily. Is it likely to have molecules
with long hydrocarbon chains or short ones? Will it give off lots of
black smoke when it burns?

Once collected, the fractions need more processing before they can be used.

® The properties of each
fraction depend on the
size of the hydrocarbon
molecules in it.

B Lighter fractions make better
fuels as they ignite more
easily and burn well, with

\3 Explain the steps involved in the fractional distillation of crude oil. ) . cleaner (less smoky) flames.

2 Make a table to summarise how the properties of hydrocarbons depend
on the size of their molecules.

=
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Carbon compounds as fuels

Burning fuels

The lighter fractions from crude oil are very useful as fuels. When hydrocarbons

Learnlng objectlves burn in plenty of air they release lots of energy.

After this topic, you should For example, when propane burns:

know: propane + oxygen — carbon dioxide + water

® the products of combustion CH, + 50, - 3CO, +4H,0
when fuels are burnt in a
good supply of air, or in a
limited supply of air

The carbon and hydrogen in the fuel are oxidised completely when they burn
like this. Remember that one definition of ‘oxidation’ means adding oxygen in a
chemical reaction. The products of complete combustion are carbon dioxide

B the pollutants produced and water.

when fuels are burnt.
. 2

Figure 1 On a cold day you can often see the water produced when fossil fuels burn

Products of combustion |

You can test the products given off when a hydrocarbon bums as shown in

Figure 2.
To
water
pump
—
Small luminous /' ) Ice bath
Bunsen flame [1]
{airhole closed) | Blue cobalt
chloride Limewater
paper
Natural gas
b e )

Figure 2 Testing the products formed when a hydrocarbon burns

B What happens in the U-tube? Which substance is present?
B What happens to the limewater? Which gas is given off?

Safety: Wear eye protection. Handle cobalt chloride papers as little as

\possible. )

-
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Burning fuels
Pollution from fuels F —mm

All fossil fuels — oil, coal, and natural gas — produce carbon dioxide and water
(vapour) when they burn in plenty of air. But as well as hydrocarbons, these
fuels also contain other substances. Impurities containing sulfur found in fuels
cause us major problems.

All fossil fuels contain at least some sulfur. This reacts with oxygen when the
fuel is burnt. It forms a gas called sulfur dioxide (SO,). This acidic gas is toxic.
It is bad for the environment, as it is a cause of acid rain which damages trees,
as well as killing animal life in lakes. The sulfur impurities can be removed from
a fuel before the fuel is bumt. This happens in petrol and diesel for cars. In
power stations, sulfur dioxide is also removed from the waste or ‘flue’ gases by
reacting it with basic calcium oxide or calcium hydroxide.

When fuel is burnt in a car engine, even more pollution can be produced.
B When any fuel containing carbon is burnt, it makes carbon dioxide. Carbon F' 3 4 b‘ o ' 3 3
dioxide is the main greenhouse gas in the air. It absorbs energy released as QUER:3: A COURETORAL Ay barzina
L P : e small area and the right weather
radiation from the surface of the Earth. Most scientists think that this is conditions can cause smog to be formed.
causing climate change, which affects temperatures around the world and This is a mixture of SMoke and fOG.
might result in more severe weather events and the flooding of low-lying

land as sea levels rise. Key points

B When there is not enough oxygen inside an engine, it results in incomplete

(or partial) combustion. Instead of all the carbon in the fuel turning into ® When hydrocarbon fuels
carbon dioxide, carbon monoxide gas (CO) is also formed. Carbon are burnt in plenty of o the
monoxide is a toxic gas. It is colourless and odourless. Your red blood cells carbon and hydrogen in the

fuel are completely oxidised.

pick up this gas and carry it around in your blood instead of oxygen. R
They produce carbon dioxide

B The high temperature inside an engine also allows the nitrogen and oxygen

in the air to react together. This reaction makes nitrogen oxides. These are and viater

toxic and can trigger some people’s asthma. They also cause acid rain. ® Sulfur impurities in fuels burn
® Diesel engines burn hydrocarbons with bigger molecules than petrol to form sulfur dioxide, which

engines. When these large molecules react with oxygen in an engine they do can cause acid rain. Sulfur

not always burn completely. Tiny solid particles containing carbon (soot) can be removed from fuels

and unburnt hydrocarbons are produced. These particulates get carried before burning them or sulfur

dioxide can be removed from

into the air. They travel into the upper atmosphere, reflecting sunlight back
flue gases.

into space, causing global dimming. Scientists also think that they may
damage the cells in our lungs and even cause cancer. ® Changing the conditions in

which hydrocarbon fuels

Summary questions are burnt can change the
) products made.
1 a What are the products of the complete combustion of a hydrocarbon?

b When fossil fuels burn, which element present in impurities can B In insufficient oxygen,
produce sulfur dioxide? poisonous carbon monoxide

gas is formed. We can

also get particulates of

carbon (soot) and unburnt

hydrocarbons, especially if

2 a Which pollution problem does sulfur dioxide gas contribute to?
b Which other non-metal oxides released from cars also cause this
pollution problem?

3 Explain how a sulfur dioxide, b nitrogen oxides, and ¢ particulates, are the fuel is diesel. These can
produced when fuels burn in vehicles. cause global dimming.
4 a Natural gas is mainly methane (CH,). Write a balanced symbol equation, = At the high temperatures in
including state symbols, for the complete combustion of methane. engines, nitrogen from the air
b When natural gas burns in a faulty gas heater it can produce carbon reacts with oxygen to form
monoxide (and water). Write a balanced symbol equation, including oxides of nitrogen. These
state symbols, to show this reaction. cause breathing problems
\ ¢ Why is carbon monoxide dangerous? ) 5 and can also cause acid rain.J

_——
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Carbon compounds as fuels

Alternative fuels

Biofuels

Learning objectives
Biofuels are fuels that are made from plant or animal products (renewable

After this topic, you should resources). Examples are biodiesel, which is made from oils extracted from
know: plants, and biogas, which is generated from animal waste. Biofuels will become
® what biofuels are more and more important as our supplies of crude oil diminish.

® the advantages and
disadvantages of using

biofuels.
\_ >

Fhin B e Wit

| Figure 1 This coach
runs on biodiesel

Advantages of biodiesel and other biofuels

There are advantages in using biodiesel and other biofuels as a fuel.
B Biodiesel is much less harmful to animals and plants if it is spilled than the
diesel obtained from crude ail.
B When biodiesel is burnt in an engine it burns much more cleanly, reducing
the particulates emitted. It also makes very little sulfur dioxide.
H As non-renewable fossil fuels, such as crude oil, run out, their price will
Plants absorb CO, increase and biofuels will become cheaper to use.
as they grow B Another really big advantage over fossil fuels is the fact that the crops used
)\ Wi to make biofuels absorb carbon dioxide gas as they grow. So biofuels from
plants are in theory ‘CO, neutral’. That means the amount of carbon dioxide
given off when the fuel bums is balanced by the amount absorbed as the
plants it was made from grew. Therefore, biofuels make little contribution to
the carbon dioxide in our atmosphere. We say that they have a ‘reduced
carbon footprint’ as fuels compared with petrol and diesel.

However, we cannot claim that all biofuels make a zero contribution to carbon
dioxide emissions. We should really take into account the CO, released when:
Converted to m fertilising and harvesting the crops
biodiesel B extracting and processing the biofuel

: 802 B transporting the plant material and biofuel.

Disadvantages of biofuels

There are also disadvantages in using biofuels.

B The use of large areas of farmland to produce biofuel instead of food could
pose problems. If people start to rely on oil-producing crops for their fuel,
farmers will tum land once used for food crops to land for growing biofuel crops.

B This could result in famine in poorer countries if the price of staple food crops

. o rises as demand overtakes supply. Forests, which absorb lots of carbon dioxide,

Figure 2 Cars that run on biodiesel (et ElSs Ba-al dt the bisiuel if th S |

produce very little CO, overall as CO, is might also be cleared to grow the biofuel crops if they get more popular.

absorbed by the plants used to make the B People are also worried about endangered species because of the destruction

biofuel of their habitats, such as tropical forests, cleared to grow biofuel crops.

-—

CO0, produced as
biodiesel is burnt
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Alternat'we fuels

Using ethanol as a biofuel

Another biofuel is ethanol. It can be made by fermenting sugar solution, extracted
from sugar beet or sugar cane, using yeast (whose enzymes provide a natural
catalyst). The fermentation is a slow batch process that takes place in large vats,
at temperatures between 20°C and 35°C. It produces yields of up to 15% ethanol.
The ethanol is then distilled from the aqueous solution for use as a biofuel. This
fermentation process is:

glucose —  ethanol + carbon dioxide
CH,, 0 (aq) — 2C,H.OH(aq) + 2C0,(9)

Ethanol made by fermentation is known as ‘bioethanol’.

As with other biofuels, the ethanol gives off carbon dioxide (a greenhouse gas)
when it bums:
C,H.OH()) + 30,(g) — 2C0O,(g) + 3H,0(g)

However, this should be balanced against the sugar cane absorbing CO, gas
during photosynthesis.

Ethanol can also be made in industry from ethene, made when large hydrocarbons
found in crude oil are cracked at high temperatures. (See page 173.)

Look at the reaction below used to convert ethene into ethanol:

phosphoric

acid catalyst
C,H,(9 + H,Olg) = C,H,OH(g)
ethene steam high pressure ethanol

Making ethanol from ethene relies on crude oil supplies. As you know, crude oil
is a fossil fuel that is running out (non-renewable). The process can be run
continuously. Although the reaction is reversible, unreacted ethene is recycled
back into the reaction vessel.

In countries like Brazil, that have no natural oil supplies of their own, ethanol is
manufactured on a large scale by fermentation. They have a climate that is ideal
for growing sugar cane (renewable). So although the fermentation process is a
slow reaction, it is the cheapest way for them to make ethanol to be used as a fuel.

The ethanol has to be made in batches and left to ferment, but can only produce
yields of up to 15% ethanol in solution. However, the energy requirements cost
less as the reaction mixture ferments at just warm temperatures (between 20°C
and 35°C), and atmospheric pressure. Ethanol is distilled off, then used to run
some Brazilian cars. This helps preserve fossil fuel supplies, as petrol and
ethene come from crude oil. It also reduces carbon dioxide released into the
atmosphere. On the other hand, lots of land that could be used for food crops
are set aside for biofuel crops.

Summary questions
1 Why is burning ethanol a better choice of fuel than petrol if you want to

reduce carbon dioxide emissions?
2 Explain where the energy in biodiesel comes from.

3 a Explain why ethanol can be described as a renewable fuel or a
non-renewable fuel.

b Explain why shifting from fossil fuels to biofuels could possibly cause

food shortages.
5 _J

—_—

Figure 3 Ethanol can be made from
sugar cane. The growing and harvesting
of the sugar cane crop is labour-intensive
waork.

D links

For more information on ethanol,
see 14.2 ‘Properties and uses of
alcohols’.

Key points

B Biofuels are a renewable
source of energy that could
be used to replace some
fossil fuels.

= Biodiesel can be made from
vegetable oils.

® There are advantages, and
some disadvantages, in
using biofuels.

B Ethanol is also a biofuel as it
can be made from the sugar

in plants.
\ _J




Carbon compounds as fuels

Chapter summary questions
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a i Copy and complete this general formula for the
alkanes:

CH
ii What is the formula of the alkane with 18 carbon
atoms?

ili What is the formula of the alkane with 18 hydrogen
atoms?

b Look at the boiling points in this table:

Alkane Number of Boiling point
carbon atoms in °C
methane 1 -161
ethane 2 -88
propane 3 -42
butane 4 -0.5
pentane 5
hexane 6 69

Draw a graph of the alkanes’ boiling points
(vertical axis) against the number of carbon atoms
(horizontal axis).

¢ What is the general pattern you see from your graph?

d Use your graph to predict the boiling point of pentane.

a The alkanes are all ‘'saturated hydrocarbons’.
i Whatis a hydrocarbon?
ii What does ‘saturated’ mean when describing an
alkane?

b i Give the name and formula of this alkane:

Ty
BRI
H H H

ii  What do the letters represent in this displayed formula?
iii What do the lines between the letters represent?

One alkane, A, has a boiling point of 344°C and another,
B, has a boiling point of 126°C.

a Which one will be collected nearer the top of a
fractionating column in an oil refinery? Explain your
choice.

b Which one will be the better fuel? Explain your choice.

¢ State the differences you would expect between A and
B in terms of their:
i viscosity
ii volatility.

4 a What problem is associated with the increased levels

of carbon dioxide gas in the atmosphere?

b i What gas is given off from fossil fuel power stations
that can cause acid rain?
ii Give two ways of stopping this acidic gas getting
into the atmosphere.
iii Name the other cause of acid rain which comes
from car engines and how it arises.

Two students are testing the products formed when
ethanol burns. They set up the experiment below:

—To
water
pump

Sand i
tray % (L
\ ‘:5 o= )
R Limewater

a Why do they put ice around the U-tube?

b How can they test for the substance formed in the
U-tube?

¢ Explain what happens to the limewater.

d There is a small amount of carbon dioxide in the air.
How can they show that the carbon dioxide they test
for is not just the result of the carbon dioxide in the air?

e Write a word equation and balanced symbol equation
for the complete combustion of ethanol.

f The students wanted to test the products of
combustion of a hydrocarbon. Wax is made of
hydrocarbons. How would the students change their
experiment to carry out this test?

g Write a word equation and balanced symbol equation
for the complete combustion of propane gas.

h Propane is used in portable gas heaters but there must
be good ventilation in the room. Which toxic gas will
be produced when the propane burns if there is a poor
supply of air in the room?

a Which one of these fuels could be termed a ‘biofuel’?
Explain your choice.

Hydrogen Butane Ethanol Diesel Petrol

b Explain what is meant by the statement ‘Biodiesel is
potentially CO, neutral’.

¢ Why is the use of hydrogen as a fuel one way to tackle
the problem of climate change?

d State two problems with the use of hydrogen as a fuel.
e Write a word equation and a balanced symbol
equation to show the combustion of hydrogen.

f What piece of equipment can tum energy from the
reaction in part e into electrical energy?
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Practice questions

1 Crude oil is a mixture of many compounds, most of which 3 Alternative fuels are increasingly used to replace fuels

are saturated hydrocarbons. Most of these hydrocarbons
are alkanes.

a i Whatis ahydrocarbon? (2)

obtained from crude oil. Biofuels are one type of
alternative fuel.

a One common biofuel that has been used for many
centuries is wood.

il What is the meaning of the term ‘saturated’? (1)

b The formulae of the first two alkanes are CH, and C,H,
i What is the general formula of the alkanes? (1) b
it What is the molecular formula of the alkane with
three carbon atoms in each molecule?

Why is wood described as a biofuel? (1)
Ethanol is another biofuel.

(1) State the main source of ethanol and name the method

iii Draw the displayed formula of the alkane with four used to convert it into ethanol. @
carbon atoms in each molecule. (1) c i State one reason why biofuels are being
¢ The compounds in crude oil are separated into . increasingly 959‘?- ) (M
fractions by fractional distillation. This process involves i State the mgm dlsadvantages of using large areas
converting most of the crude oil into vapour, and then of land for biofuel production. (1)
cooling it. The fraction that reaches the top of the d Hydrogen is another alternative fuel.
fractionating column contains the smallest molecules. i State why the combustion of hydrogen is less likely
i Name the changes of state involved in this process to cause climate change than buming a
of fractional distillation. 2) hydrocarbon fuel. (1)
ii State two properties of the liquid fraction that ii State two problems in using hydrogen as a fuel in
leaves the column near the lowest part. (2) cars. (2)

2 Many of the smaller molecules obtained from crude oil
are used as fuels.

a Name the two products of complete combustion of a
hydrocarbon fuel. (2)

b Write the symbol equation for the complete
combustion of methane. (2)

c If there is not enough oxygen, then a hydrocarbon may
undergo incomplete combustion.

Name one solid product and one gaseous product that
could form by incomplete combustion. (2)

d The combustion of hydrocarbon fuels can produce
small amounts of oxides of nitrogen.
i What condition is needed for oxides of nitrogen to

form? (1)
il What is the main environmental problem caused by
oxides of nitrogen? (1)

e Hydrocarbon fuels may contain small amounts of
sulfur, which can release sulfur dioxide into the
atmosphere during combustion.

i What is done to prevent the emission of sulfur

dioxide from a car exhaust? (1)
ii What is done to prevent the emission of sulfur
dioxide from a power station? (1)

e —



Learning objectives

After this topic, you should
know:

= how smaller, more useful
hydrocarbon molecules are
made from larger, less useful
ones in crude oil

® what alkenes are and how
they differ from alkanes.

Figure 1 In an oil refinery, huge crackers
like this are used to break down large
hydrocarbon molecules into smaller ones

H H
N i
C=C

/s N
H H
e Double bond
H H ﬂ
L& 7

|
H—C—C=xC

| \

H H

Propene

Figure 3 The displayed formula of a
molecule of ethene (C H ) and a molecule
of propene (C_H,). These are both
alkenes — each molecule has a carbon-
carbon (C=C) double bond in it.

Chaﬁql"(-:?rL 19°6mer Bsroducts from crude oil

Cracking hydrocarbons

Some of the heavier fractions that are produced in the fractional distillation of
crude oil are not very useful. The hydrocarbons in them are made up of large
molecules. They are thick liquids or solids with high boiling points. They are
difficult to vaporise and do not bum easily — so they are poor fuels. Yet the
main demand from crude oil is for fuels. Fortunately these large hydrocarbon
molecules can be broken down in a process called cracking.

The process takes place at an oil refinery in a steel vessel called a cracker. In
the cracker, a heavy fraction distilled from crude oil is heated to vaporise the
hydrocarbons. The vapour is then either passed over a hot catalyst or mixed
with steam and heated to a very high temperature. The hydrocarbons are
cracked as thermal decomposition reactions take place. The large molecules
split apart to form smaller, more useful ones.

An example of cracking

Decane, C, H,,, is a medium-sized alkane molecule. When heated to 500°C
with a catalyst, it breaks down. One of the molecules produced is pentane,

which is used in petrol.

H H H H

H

H_(l_‘,_cl;_é_(!j_é_H Figure 2 Pentane (CH, ) can
| | | be used as a fuel. This is the

H HH H H displayed formula of pentane.

We also get propene and ethene, which can be used to produce other
chemicals.
500 °C + catalyst
— CH,, + CH, + CH,
pentane propene ethene

C,H

10" 22
decane

This reaction is an example of thermal decomposition.

Notice how this cracking reaction produces different types of molecules. One
of the molecules is pentane. The first part of its name tells us that it has five
carbon atoms (pent-). The last part of its name (-ane) shows that it is an alkane.
Like all other alkanes, pentane is a saturated hydrocarbon. Its molecules have
as much hydrogen as possible in them.

The other molecules in this reaction have names that end slightly differently.
They end in -ene. This type of molecule is called an alkene. The different ending
tells us that these molecules are unsaturated. Unsaturated compounds contain
at least one double bond between their carbon atoms. Look at Figure 3. You
can see that these alkenes have one C=C double covalent bond and have the
general formulaC H, .

A simple experiment like the one on the next page shows that alkenes bum
(but not as well as equivalent small alkanes which are used as fuels). Alkenes
also react with bromine water, which is orange in colour. The products of this
reaction are colourless so this gives you a good test to see if a compound
contains a C=C double bond:

Positive test for an unsaturated hydrocarbon:
orange bromine water tums colourless.

-—
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Cracking hydrocarbons

Contains required practical

Cracking Delivery tube Gaseous
duct

Medicinal paraffin is a mixture of hydrocarbon e / L

molecules. You can crack it by heating it and ~—~:__,:Z-:—_: //

passing the vapour over hot pieces of broken pot.
The broken pot acts as a catalyst.
B Why must you remove the end of the delivery Ceramic

e wool Broken pot
tube from the water before you stop heating? soakedin  Neat (catalyst) ° Water
If you carry out this practical, collect at least two medi;f:'inal /
test tubes of gas. BEECD o [

Required practical: Test the gas (or another i
unsaturated hydrocarbon) by shaking it with a few
drops of bromine water (harmful).

B Record your observations and conclusions.

Safety: Avoid cold water being sucked back into the hot tube by removing the delivery tube from the water trough
\Eefore you stop heating. Wear eye protection. Some gases collected may be harmful or even toxic. )

Making ethanol from ethene (hydration)

Ethanol for industrial use as a fuel or solvent can be made from ethene gas
instead of by fermentation. Ethene is the main by-product made in cracking.
Ethene gas can react with steam to make ethanol.
catalyst
ethene + steam ——> ethanol
CH, + HO = CH.OH

This reaction is called hydration. The reaction requires energy to heat the CO links

gases and to generate a high pressure. The reaction is reversible so ethanol For more information on

can break down back into ethene and steam. So unreacted ethene and steam fermentation to make ethanol, look
are recycled over the concentrated phosphoric acid catalyst. back to 12.4 ‘Alternative fuels’.

Summary questions Key points
1 a Why is cracking so important?

b How can large hydrocarbon molecules be cracked in an oil refinery? Al el e o . .
molecules can be split up into

2 Cracking a hydrocarbon makes two new hydrocarbons, A and B. When smaller molecules by passing
bromine water is added to A, nothing happens. Bromine water added to the vapours over a hot
B turns from an orange solution to colourless. catalyst or by mixing them
a i Which hydrocarbon, A or B, is unsaturated? with steam and heating them
ii What is an ‘unsaturated’ hydrocarbon? to a very high temperature.
iii What do you call the type of unsaturated hydrocarbon formed in

B Cracking produces saturated
hydrocarbons which are used
as fuels and unsaturated
hydrocarbons (called
alkenes).

cracking?
b i Which hydrocarbon, A or B, is used as a fuel?
ii What do you call the type of saturated hydrocarbon formed in
cracking?
¢ What type of reaction is cracking an example of?

= Alkenes (and other
unsaturated compounds
containing carbon-carbon

3 An alkene molecule with one double bond contains 12 carbon atoms.
How many hydrogen atoms does it have? Write down its formula.

4 Dodecane (an alkane with 12 carbon atoms) can be cracked into octane double bonds) react with
(with 8 carbon atoms) and ethene. Write a balanced symbol equation for yellow-orange bromine water,
\ this reaction. J turning it colourless.
R _J

— -



Learning objectives

After this topic, you should
know:

® how monomers make
polymers

= how alkenes undergo
polymerisation reactions

B how to represent
polymerisation reactions by
an equation.

Figure 1 All of these products were
manufactured using chemicals originating
from crude oil

Figure 3 Polymers produced from
compounds derived from crude oil are all
around us and are part of our everyday
lives

RM.DL.BOOKS GROUPS .
Other products from crude oil

Making polymers from alkenes

The fractional distillation of crude oil and cracking produces a large range of
hydrocarbons. These are very important to our way of life. Products based on
crude oil are all around us. It is difficult to imagine life without them.

Hydrocarbons are our main fuels. We use them in our transport and at home
to cook and for heating. We also use them to generate electricity in oil-fired
and gas-fired power stations.

Then there are the chemicals made from crude oil. They are used to make
things ranging from cosmetics to explosives. But one of the most important
ways that chemicals from crude oil are used is to make plastics.

Plastics

Plastics are made up of huge molecules made from lots of small molecules
joined together. We call the small molecules monomers. We call the huge
molecules they make pelymers. (Mono means ‘one’ and poly means ‘many’.)
Engineers can make different types of plastics, which can have very different
properties, by using different monomers.

MONOMERS i > POLYMER

©]
® ®
® T k0000000
o Poly(ethene)
O
Ethene
" g
|
[ — RS S RS B R
[ | . Poly(propene)
]
Propene

Figure 2 Polymers are made from many smaller molecules called monomers

Ethene (C_H,) is the smallest unsaturated hydrocarbon molecule. It can be
turned into a polymer known as poly(ethene) or polythene. Poly(ethene) is a
really useful plastic as it is easy to shape, strong, and transparent (unless
manufacturers add colouring material to it). ‘Plastic’ carrier bags, some drinks
bottles, dustbins, washing-up bowls, and clingfilm are all examples of uses of
poly(ethene).

Propene (C,H,) is another alkene. Engineers can also make polymers with
propene as the monomer. The polymer formed is called poly(propene). It forms
a very strong, tough plastic. Manufacturers can use it to make many things,
including carpets, milk crates, and ropes.

-
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Making polymers from alkenes

How do monomers join together?

When alkene molecules join together, the double bond between the carbon
atoms in each molecule ‘opens up’. It is replaced by single bonds as
thousands of molecules join together. The reaction is called polymerisation.

H i H H H H HHHHH
2 \ / e / \ elC. > —?—?—(I?—?—ﬁ:—?—e C. ...
? S 2 K H H HHHHH
Ethene monomers Poly(ethene)

You can also write this more simply as:

T I
_ . _ where nisa
# C|3—(|3 ‘E? ?} large number
H H H H/T
Many single Long chain
ethene monomers of poly(ethene)

Modelling polymerisation l

Use a molecular model kit to show how ethene molecules polymerise to
form poly(ethene).

Make sure you can see how the equation shown above represents the

polymerisation reaction you have modelled.

B Describe what happens to the bonds in the reaction.

B Think up a model to demonstrate the polymerisation of ethene, using
people in your class as monomers.

The C=C double bond in
ethene (an alkene) makes it
much more reactive than

\Then evaluate the ideas of other groups. ) | ethane (an alkane). §

N

e pnt®

Summary questions
1 a Define a monomer and a polymer.

b What is the name for the reaction between a large number of monomers?

¢ Write an equation to represent the formation of poly(ethene) from Key pOil‘ItS

ethene.

d State two uses of poly(ethene). B Plastics are made of
polymers.

2 Why is ethene the smallest possible alkene molecule whereas methane
is the smallest alkane? = Polymers are large molecules

made when many monomers

(small, reactive molecules)

3 a Draw the displayed formula of a propene molecule, showing all its

bonds. Ei
b Draw a diagram to show how propene molecules join together to form Join together.
poly(propene). B The reaction between
¢ State two uses of poly(propene). monomers to form a polymer
\ d Explain the polymerisation reaction in part b. ) . is called polymerisation.
o

—_——



Learning objectives

After this topic, you should

know:

= that the properties of
polymers depend on their
monomers

= that changing reaction
conditions can modify the
polymers made

u the differences between
thermosetting and
thermosoftening polymers.

Figure 1 The forces between the
molecules in poly(ethene) are relatively
weak as there are no strong covalent
bonds (cross links) between the
molecules. This means that this plastic
softens fairly easily when heated.

RM.DL.BOOKS GROUPS
Other products from crude oil

The properties of polymers

As you know, polymers are made from chemicals derived from crude oil. Small
molecules called monomers join together to make much bigger molecules
called polymers. As the monomers join together they produce a tangled web of
very long chain molecules. Poly(ethene) is an example.

The properties of a polymer depend on:
B the monomers used to make it, and
B the conditions chosen to carry out the reaction.

Different monomers

Polymer chains can be made from many different monomers. The monomers
chosen make a big difference to the properties of the polymer made. Consider
the properties of the polymers in the bag in Figure 1 and the electrical socket in
Figure 4.

Different reaction conditions

There are two types of poly(ethene). One is called high density (HD) and the
other low density (LD) poly(ethene). Both are made from ethene monomers but
they are formed under different reaction conditions.

B Using very high pressures and a trace of oxygen, ethene forms LD
poly(ethene). The polymer chains are randomly branched and they cannot
pack closely together so LD poly(ethene) has a lower density.

® Using a catalyst at 50°C and a slightly raised pressure, ethene makes HD
poly(ethene). This is made up of straighter poly(ethene) chains. They can
pack more closely together than branched chains so HD poly(ethene) has a
higher density. The HD poly(ethene) also has a higher softening temperature
and is stronger than LD poly(ethene).

Polymer
chains

|

LD poly(ethene) or LDPE HD poly(ethene) or HDPE

Figure 2 The branched chains of LD poly(ethene) cannot pack as tightly together as the
straighter chains in HD poly(ethene), giving the polymers different properties

Thermosoftening and thermosetting polymers

It's useful to classify polymers by looking at what happens to them when they
are heated. Some will soften quite easily. They will reset when they cool down.
These are called thermosoftening polymers. They are made up of individual
polymer chains that are tangled together.
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Other polymers do not melt when heated. These are called thermosetting
polymers. These have strong covalent bonds forming ‘cross links’ between
their polymer chains (see Figure 3.)

The tangled web of polymer Chains fixed together by

chains are relatively easy to strong covalent bonds —

separate this is called cross linking
v—-""‘\,

Figure 3 Extensive cross linking
by covalent bonds between
polymer chains makes a
thermosetting plastic that is

Thermosoftening polymer Thermosetting polymer heat-resistant and rigid

Bonding in and between polymer chains

The atoms in polymer chains are held together by very strong covalent bonds.
This is true for all plastics. But the size of the forces between polymer
molecules in different plastics can be very different.

In thermosoftening polymers the forces between the polymer chains are weak.
When the polymer is heated, these weak intermolecular forces are broken. The
polymer becomes soft. When the polymer cools down, the intermolecular
forces bring the polymer molecules back together. Then the polymer hardens
again. This type of polymer can be remoulded.

However, thermosetting polymers are different. Their monomers make covalent
bonds between the polymer chains when they are first heated in order to shape
them. These covalent bonds are strong, and they stop the polymer from
softening. The covalent ‘cross links’ between chains do not allow them to
separate. Even if heated strongly, the polymer will still not soften. Eventually,
the polymer will char at high enough temperatures.

Summary questions
1 a How are the polymer chains arranged in a thermosoftening polymer?

b i What is the difference between the structures of a thermosoftening
and a thermosetting polymer?
ii Give two differences in the properties of the two types of polymer.

2 Why do manufacturers use thermosetting rather than thermosoftening
polymers to make the handles of pans?

3 Polymer A starts to soften at 100 °C whilst polymer B softens at 50°C.
Polymer C resists heat but eventually starts to char if heated to very high
temperatures.

Explain this using ideas about intermolecular forces.

4 There are two types of poly(ethene), high density (HD) and low density
(LD) poly(ethene).
a What is varied in order to produce the different types of poly(ethene)?
b Which statement is true?
HDPE is a thermosetting polymer and LDPE is thermosoftening
polymer.
Both HDPE and LDPE are thermosoftening polymers.
¢ Explain the differing densities of HDPE and LDPE in terms of their

\ structures. )

The properties of polymers

I Modifying a polymer
Take some PVA glue . ..
...add a few
f drops of borax
solution (3.2%)

Warm solution
of PVA glue

Stir well for
about 2 minutes

M %“\"'—-\__SI ime

The glue becomes slimy
because the borax makes the
long polymer chains in the glue
link together to form a jelly-like
substance.

H How could you investigate if
the properties of slime
depend on how much borax
you add?

Safety: Wear gloves and eye

protection. Borax solution

Qhould not exceed 8%. )

Figure 4 Electrical
| sockets are made
out of thermosetting
polymers. If the
plug or wires get
hot, the socket will
not soften.

Key points

B Monomers affect the
properties of the polymers
that they produce.

B Changing reaction conditions
can also change the
properties of the polymer
that is produced.

B Thermosoftening polymers
will soften or melt easily
when heated because their
intermolecular forces are
relatively weak. Thermosetting
polymers will not soften
because of their ‘cross linking’
but will eventually char if

heated very strongly.
X, _J

—_— -
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New and useful polymers

= 5 = Chemists can design new polymers to make materials with special properties
Learmng ob}ectwes to do particular jobs. Medicine is one area where we are beginning to see big
benefits from these ‘polymers made to order'.

After this topic, you should
Know: New polymer materials will eventually take over from the current metal fillings

= that new polymers are being for teeth, which contain mercury. Working with the toxic mercury every day is a

developed for a wide range potential hazard to dental workers.
of uses Other developments include:
® how smart polymers behave. H new softer linings for dentures (false teeth)

_/  ® new packaging materials
B implants that can slowly release drugs into a patient.

Light-sensitive plasters

You probably know how uncomfortable pulling a plaster off your skin can be.
But for some of us taking off a plaster is really painful. Both very old and very
young people have quite fragile skin. But now a group of chemists has made a
plaster where the ‘stickiness’ can be switched off before the plaster is removed.
The plaster uses a light-sensitive polymer (see Figure 2 below).

S
J

/
/

1 The plaster is put on
just like any normal plaster.

Figure 1 A sticking plaster is often _
needed when you cut yourself, but taking JRa==
the plaster off can be painful too . | ol

2 To remove the plaster, the top layer is peeled 3 Once the lower layer is exposed to the light, the
away from the lower layer which stays stuck adhesive becomes less sticky, making it easy to
to the skin. peel off your skin.

Figure 2 This plaster uses a light-sensitive polymer

Hydrogels

Hydrogels are polymer chains with a few cross-linking units between chains.
This makes a matrix (framework) that can trap water. These hydrogels can be
used as wound dressings. They let the body heal in moist, sterile conditions.
This makes them useful for treating burns.

The latest ‘soft’ contact lenses are also made from hydrogels. To change the
properties of hydrogels, scientists can vary the amount of water in the matrix
structure of the hydrogel.

e ——
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New and useful polymers

Evaluating plastics
Plan an investigation to compare and evaluate the suitability of different

plastics for a particular use.

For example, you might look at treated and untreated fabrics for waterproofing
and ‘breatheability’ (gas permeability), or different types of packaging.

Shape memory polymers

A new ‘shape memory polymer’ is being developed for surgeons which will
make stitching in awkward places easier. When a shape memory polymer is
used to stitch a wound loosely, the temperature of the body makes the thread
tighten and close the wound, applying just the right amount of force.

This is an example of a smart polymer, that is, one that changes in response
to changes in its surroundings. In this case a change in temperature causes the
polymer to change its shape. Later, after the wound is healed, the polymer is
designed to dissolve and is harmlessly absorbed by the body. So, there will be
ho need to go back to hospital to have the stitches out.

ﬁg%%

Figure 3 A shape memory polymer uses the temperature of the body to make the thread
tighten and close the wound

New uses for old polymers
The bottles that people buy fizzy drinks in are a good example of using a plastic
because of its properties. These bottles are made out of a plastic called PET. .

The polymer it is made from is ideal for making drinks bottles. It produces a PET is an abbreviation for
plastic that is very strong and tough, and which can be made transparent. The poly(ethene terephthalate). It
bottles made from this plastic are much lighter than glass bottles. This means takes five 2-litre PET lemonade
that they cost less to transport and are easier for us to carry around. bottles to make one T-shirt.

’7? Did you know ... ?

The PET from recycled bottles is used to make polyester fibres for clothing,
such as fleece jackets, and the filling for duvet covers. School uniforms and Key points
football shirts are now also made from recycled drinks bottles.

® New polymers are being

Summary questions developed all the time.
They are designed to have
1 a What is meant by:

properties that make them

i a ‘designer polymer’? specially suited for certain
ii a ‘smart polymer’? uses.

b i Whyis PET used to make drinks bottles?
ii State two uses of recycled PET. ® Smart polymers may have
iii Is PET athermosetting polymer or a thermosoftening polymer? their properties changed

by light, temperature, or

‘ other changes in their

b Give two uses of hydrogels.

How did you decide?

B We are now recycling more

plastics and finding new uses

\4 Explain how stitches made from smart polymers work. ) for them.
\.

3 Explain how a light-sensitive plaster works.

=

e~
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Other products from crude oil

Plastic waste

One of the problems with plastics is what to do with them when you have finished
with them. Too much plastic ends up as rubbish in our streets. Even the beaches

Learning objectives

: . in the most remote parts of the world can be polluted with the eyesore of plastic
::t::v:th's topic, you should waste. Wildlife can also get trapped in the waste or eat the plastics and die.
® the problems caused by the Not only that, just think of all the plastic packaging that goes in the bin after
disposal of plastics shopping. Most of it ends up as rubbish in landfill sites. Other landfill rubbish
rots away quite quickly as microorganisms in the soil break it down. However,
¥ what biodegradable many waste polymers last for hundreds of years before they are broken down
polymers are completely, taking up valuable space in our landfill sites. So, what was a useful
® how polymers can be made property during the working life of the plastic (its lack of reactivity) becomes a
biodegradable. disadvantage in a landfill site.

J

Figure 1 Finding space to dump and bury our waste is becoming a big problem

Biodegradable polymers

Scientists are working to solve the problems of plastic waste. Humans are now
making more plastics that do rot away in the soil when dumped. The polymers
in these plastics are called biodegradable. They can be broken down by
microorganisms.

Scientists have found different ways to speed up the decomposition:

B One way uses granules of cornstarch built into a plastic. The
microorganisms in soil feed on the starch. This breaks the plastic up into
small pieces more quickly.

B Other types of polymer have been developed that are made from plant
products.

A polymer called PLA, poly(lactic acid), can be made from comstarch. The
polymer is totally biodegradable. It is used in food packaging. However, it cannot
be put in a microwave oven, which limits its use in ready-meal packaging.

-—
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Plastic ER (]

Manufacturers can also make plastic carrier bags using PLA. In carrier bags
the PLA is mixed with a traditional polymer. This makes sure the bag is strong
enough but will still biodegrade a lot more quickly. Investigating cornstarch

Using polymers such as PLA also helps preserve our supplies of crude oil. Cornstarch can be fermented
Remember that crude oil is the raw material for many traditional polymers, to make the starting material
such as poly(ethene). for PLA. However, cornstarch

itself also has some interesting

properties. You can make your

own plastic material directly

from cornstarch.

m |nvestigate how varying the
proportions of cornstarch
and water affect the product.

Safety: Be aware of allergies

and sensitisation.
i J

Figure 2 The breakdown of a
biodegradable polymer. PLA can
be designed to break down in a
few months.

Disadvantages of biodegradable polymers

The use of a food crop like corn to make polymers can raise the same issues
as biofuels. Farmers who sell their crops to be tumed into fuel and plastics
could cause higher food prices. The lack of basic food supplies could result in
starvation in developing countries. Another problem is the destruction of D links
tropical forests to create more farmland. This will destroy the habitats of wildlife
and could affect climate change.

For information on the issues of
using biofuels, look back at 12.4
Other degradable polymers used for bags will break down in light. However, ‘Alternative fuels’.

they will not decompose when buried in a landfill site. One of the best solutions

is to reuse the same plastic carrier bags over and over again.

= on-biodegradabia paymers
1 Why are waste plastics proving to be a problem for us? cause unsightly rubbish, can
harm wildlife, and take up
space in landfill sites.

2 Explain what is meant by a ‘biodegradable’ polymer.

3 a Why are plastics whose raw materials are plants becoming more
popular?
b PLA is a biodegradable plastic. What is its monomer?

B Biodegradable polymers are
decomposed by the action of
microorganisms in soil.

4 Non-biodegradable polymers such as poly(ethene) can be made to
decompose more quickly by mixing them with additives. These enable = Making plastics with starch
the polymer chain to be broken down by reacting with oxygen. granules in 'fheir StFUctUre
a Why might this be a waste of money if the plastic is buried and helps the microorganisms

compressed under other waste in a landfill site? break down a polymer.

b What could be a disadvantage of using this type of degradable ® Scientists can make
plastic? biodegradable polymers
¢ Explain how comstarch can play a role in helping to solve the from plant material such as
\ problems of plastic waste. ) cornstarch.
\ _J
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Other products from crude oil

Chapter summary questions

1 Propene is a hydrocarbon molecule containing three

carbon atoms and six hydrogen atoms.
a What is the chemical formula of propene?

b Draw the displayed formula of propene, showing all its
bonds.

¢ Is propene a saturated molecule or an unsaturated
molecule? Explain your answer.

d You are given two unlabelled test tubes. One test tube
contains propane gas, whilst the other test tube
contains propene gas.

Explain how you could test which tube contains which
gas, stating clearly the results obtained in each case.

e Propene molecules will react together to form long

chains.

i What is this type of reaction called?

il Name the product of the reaction.

ili What is the general name given to the many
propene molecules that react together?

iv. Compare the properties of the reactants to those of
the product.

Give a symbol equation to show the reaction of ethene to
make poly(ethene).

a Write a word equation and a balanced symbol
equation, including state symbols, for the reaction
between ethene and steam.

b If 56 tonnes of ethene reacted with excess steam, and
69 tonnes of ethanol were collected, what is the
percentage yield of ethanol?

(A values:H=1,C=12,0 = 16)

¢ Give an advantage and a disadvantage of making
ethanol from ethene compared with making it from
sugar obtained from plant material.

Chemists have developed special waterproof materials
made from polymers. It is easy to make plastic material
that is waterproof but they tend to make the wearer hot
and sweaty. However, there are now polymer materials
that have pores 2000 times smaller than a drop of water.
However, the tiny pores are 700 times larger than a water
molecule.

a Explain why these materials are described as
‘breathable’.

b Would you describe the ‘breathable’ polymer material
as a smart polymer? Explain your answer.

5 Read the following information then answer the

questions.

New biodegradable polymers are now being
developed. They use normal crops as their starting
material. They do not use up our decreasing
supplies of crude oil. The crop is fermented with
microorganisms which make a polymer called PHB,
poly(hydroxybutyrate). In America, scientists have
used genetic engineering to grow plants which make
PHB themselves. They are continuing their research
to increase the yield of the polymer in crops such as
potatoes.

Look at this cycle for the plastic PHB:

Bio-degrades
or burning

I %;b
Photosynthesis ‘\g@% ‘\

Moulded
object

Fermentation
with micro-
organisms

a Why might people object to the crops that make PHB
directly?

b Does the use of PHB increase the amount of carbon
dioxide in the air? Explain your answer.

¢ Why is it difficult to say whether PHB made directly by
plants will be cheaper than the PHB shown in the
cycle?

—
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Practice questions

1 The fractions from crude oil that contain the biggest

molecules have few uses. Cracking converts them into
more useful substances, including alkenes.

a Describe the conditions used in two different types of
cracking. (4)

b Unlike alkanes, alkenes are unsaturated.
i What feature is present in an alkene but not in an

alkane? (1)
ii Give the displayed formula of the simplest
alkene. (1)

iii Propene has the molecular formula C,H,.

Deduce the molecular formula of the alkene with
four carbon atoms in each molecule. (1)

¢ Copy and complete this equation for a cracking
reaction.

C.H,S5CGH % )

12" 26 8 18
d Alkanes and alkenes can be distinguished by a simple
chemical test.

State the reagent used and the result with each type of
compound. (3)

e The traditional way to make ethanol is by fermentation.

State how it is made using one of the products of
cracking. (3)

Most alkenes are used to make polymers.

a State two features of polymer molecules that alkenes
do not have. (2)

b Poly(ethene) is made in two forms, depending on the
conditions used for polymerisation. These are
described as LD and HD forms.

i State the meanings of the terms ‘LD’ and ‘HD’. (1)
ii Both forms are described as ‘thermosoftening’.
What is the meaning of this term? (1)

¢ Another type of polymer is described as thermosetting.
i How does a thermosetting polymer behave when
heated? (1)
il Describe how the bonding in a thermosetting
polymer differs from the bonding in a
thermosoftening polymer. (2)

d Some polymers are ‘biodegradable’.

State the meaning of this term and one advantage of
these polymers over non-biodegradable polymers. (2)

3 A manufacturer plans to produce objects made from two

new polymers. Polymer 1 needs to withstand heat
without changing shape. Polymer 2 needs to be able to
change shape but does not need to withstand heat.

The diagrams show two types of polymer.

Polymer 1 Polymer 2

Use information from the diagrams and your knowledge
and understanding of polymers to identify the types of
polymer that could be used as Polymer 1 and Polymer 2.
You should support your choices by referring to the
properties, structure, and bonding in polymers. (6)

A e
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Chapter 14 A?gt?h'o?s, carboxylic acids, and esters
Structures of alcohols, carboxylic

Learning objectives

After this topic, you should
know:

® the names and formulae

of the first three alcohols,
carboxylic acids, and esters

® how to represent the
structures of alcohols,
carboxylic acids, and esters.

J

/)5 Didyou know...?
Not all carbon compounds are
classified as organic
compounds. The oxides of
carbon and compounds
containing carbonate and
hydrogencarbonate ions are
classified as inorganic

. compounds.

D links

For more information on the use of
ethanol as a biofuel, look back at
12.4 "Alternative fuels’.

‘ If you draw displayed formulae, l

make sure you show all the
bonds, including those in the
functional group (as lines
between atoms) and all the
atoms (as their chemical

. symbols).

%“éa»u,. «.uj

acids, and esters

The substances that form the basis of all living things, including ourselves, are
organic compounds. Organic molecules all contain carbon atoms. The carbon
atoms tend to form the ‘backbone’ of organic molecules.

You have already met some organic compounds in Chapters 12 and 13.
You will probably recall how to draw molecules of alkanes and alkenes
(see Figure 1):

H H I|-| T H H
H—-l’l.."—H H—é—C—H H—C—(lj—é-—H
AR
Methane Ethane Propane
Double bond
/ i)

I v
H—C— C=G
A “H
Ethene Propene

Figure 1 The structures of the smallest alkane and alkene molecules. The lines between
atoms represent cavalent bonds. Notice the double bonds in ethene and propene. This type
of 2D drawing to show the structure of a molecule is called a ‘displayed formula’.

Both alkanes and alkenes are made of only carbon and hydrogen atoms.
However, there are many more ‘families’ of organic compounds that also
contain a few other types of atom.

In this chapter you will learn about some organic compounds made up of
carbon, hydrogen, and oxygen. The three ‘families’ you will look at are called
alcohols, carboxylic acids, and esters.

Alcohols

You have also met a member of the alcohol ‘family’ before. This was ethanol,
which can be used as a biofuel. So what is an alcohol?

Imagine removing an H atom from an alkane molecule and replacing it with an
O-H group. This would give us an alcohol molecule. The ~-OH group of atoms
is an example of a functional group.

A functional group gives a ‘family’ of organic compounds their characteristic
reactions. A ‘family’ of compounds with the same functional group is called a
homologous series.

You need to know the first three members of the homologous series of
alcohols:

i T T
H—(|3—O—H H—?—?—O—H H—(|3—(i3 ?—O—H

H H H H H H
Methanol Ethanol Propanol

Figure 2 The displayed formulae and names of the first three alcohol molecules. The alcohols
are named from the alkane with the same number of carbon atoms. Just take the ‘e’ from the
end of the alkane's name and replace it with ‘of".

-—
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Structures of alcohols, carboxylic acids, and esters

If you were asked for the formula of ethanol, you might count the atoms in a
molecule and write C,H.O. This is correct but chemists can give more information
in a structural formula. This doesn’t show all the bonds, as in a displayed formula,
but shows what is bonded to each carbon atom. So for ethanol, a chemist will
often show its formula as CH,CH,OH (often shortened to C,H,OH). Can you see
how this relates to the structure of ethanol shown in Figure 2?

Carboxylic acids

You will certainly know of one carboxylic acid. Ethanoic acid is the main acid in
vinegar. All carboxylic acids contain the ~-COOH functional group. Look at the
first three members of the homologous series of carboxylic acids below:

0 L P TP
7 4 V4
H—C H—C—C H—C—C—C
% N | X
O—H H O—H H O—H
Methanoic acid Ethanoic acid Propanoic acid

Figure 3 The displayed formulae and names of the first three carboxylic acid molecules

You show the structural formula of each of the carboxylic acids in Figure 3 as
HCOOH, CH,COOH, and CH,CH,COOH (or C,H,COOH).

Esters

Esters are closely related to carboxylic acids. If you replace the H atom in the
—-COOCH group by a hydrocarbon (alkyl) group, such as -CH, or -C,H,, you get
an ester. Here is the ester called ethyl ethanoate:

H 0
A
H—C—C
oo~ |
O—(|3—(|3—H
H H

Ethyl ethanoate
Figure 5 The displayed formulae of the ester ethyl ethanoate

An ester's structural formula always has the —-COO- functional group in it. The
structural formula of ethyl ethanoate is CH,COOCH,CH, (or CH,COOC H,).

Summary questions
1 Which homologous series do the following compounds belong to?

a CH,COOCH,CH,CH,
b CH,CH,CH,CH,CH,CH,OH
¢ CH,CH,CH,CH,COOH
2 Name the following compounds:
a CH,CH,CH,OH
b CH,COOC,H,
¢ HCOOH

3 Draw a displayed formula showing all the bonds in:
a ethanol
b ethyl ethanoate
\ ¢ butanoic acid, which contains four carbon atoms. )

Figure 4 Vinegar contains less than

10 per cent ethanoic acid in an aqueous
solution but the acid provides the
characteristic sharp taste and smell

CD links

For information about the
homologous series of carboxylic
acids and esters, see 14.3
‘Carboxylic acids and esters’.

B The homologous series of
alcohols contain the -OH
functional group.

® The homologous series of
carboxylic acids contain the
~COOH functional group.

B The homologous series of
esters contain the -COO-

functional group.
\ W,

—_— -



Learning objectives

After this topic, you should
know:

® some properties of alcohols

® the main uses of alcohols

B what is produced when
ethanol is fully oxidised.

J

CD links

For more information on how
ethanol is manufactured by
fermentation, look back to 12.4

‘Alternative fuels’, and from ethene

in 13.1 ‘Cracking hydrocarbons’.

Figure 1 Alcohols are used as solvents in

perfumes

RM.DL.BOOKS GROUPS
Alcohols, carboxylic acids, and esters

Properties and uses of alcohols

Alcohols, especially ethanol, are commonly used in everyday products.
Ethanol is the main alcohol in alcoholic drinks. It is made by fermenting sugars
from plant material and is becoming an important alternative fuel to petrol and
diesel. Ethanol can also be made in industry from ethene and steam in the
presence of a catalyst.

Alcohols dissolve many of the same substances as water. In fact the alcohols
with smaller molecules mix very well with water, giving neutral solutions. The
alcohols can also dissolve many other organic compounds. This property
makes them useful as solvents. For example, you can remove ink stains from
permanent marker pens using methylated spirits.

Methylated spirits (‘meths’) is mainly ethanol but has the more toxic methanol
mixed with it. It also has a purple dye and other substances added to make it
unpleasant to drink. Alcohols are also used as solvents in products such as
perfumes, aftershaves, and mouthwashes.

Reactions of alcohols

Practical/Demonstration
C

omparing the reactions of methanol, ethanol, and propanol
a Ignite and observe the flame in three spirit burners — one containing
methanol, one ethanol, and the other propanol.
Compare the three combustion reactions.
b Watch your teacher add a small piece of sodium metal to each of the
alcohols.
Compare the reactions. Which gas is given off?
¢ Watch your teacher boil some of each alcohol with acidified potassium
dichromate(vi) solution.
What do you see happen in each reaction?

Safety: Ethanol is highly flammable and harmful. Methanol is highly
flammable and toxic. Propanol is highly flammable and irritant. No naked
Qames. Wear chemical splashproof eye protection. )

Combustion

The use of ethanol (and also methanol) as fuels shows that the alcohols are
flammable. Ethanol is used in spirit burners and can be used as a biofuel in
cars. It burns with a ‘clean’ blue flame:

ethanol + oxygen — carbon dioxide + water
CHOH+ 30, — 2C0, +3H,0

#

Ethanol is the main solvent in many perfumes but a key ingredient in some
perfumes is octanol. It evaporates more slowly and so holds the perfume on
\ the skin for longer.

Did you know ... ?
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Properties and uses of alcohols

Reaction with sodium

The alcohols react in a similar way to water when sodium metal is added. The
sodium effervesces (gives off bubbles of gas), producing hydrogen gas, and
gets smaller and smaller as it forms a solution of sodium ethoxide in ethanol.
The reactions of alcohols are not as vigorous as the reaction between sodium
and water. For example, with ethanol:

sodium + ethanol — sodium ethoxide + hydrogen
2Na +2CHOH - 2CHONa + H

2

Oxidation

Combustion is one way to oxidise an alcohol. However, when you use chemical
oxidising agents, such as potassium dichromate(vi), you get different products.
An alcohol is oxidised to a carboxylic acid when boiled with acidified potassium
dichromate(vi) solution. So ethanol can be oxidised to ethanoic acid:

ethanol + oxygen atoms from oxidising agent — ethanoic acid + water
C,H.OH + 2[0] - CH,COOH + H,O

The same reaction takes place if ethanol is left exposed to air. Microbes in the
air produce ethanoic acid from the ethanol. This is why bottles of beer or wine
taste and smell like vinegar when they are left open for too long.

Figure 2 Alcohols are flammable. They
produce carbon dioxide and water in their
Oxidation by microbes in air combustion reactions.

Add 5cm?® of ethanol to 50 cm? of water in a conical flask, mix, and test the
pH of the solution formed.

Then mix 5cm? of ethanol with 50cm? of water in a second conical flask
but this time seal the flask with a stopper.

Leave both solutions for a few weeks, swirling occasionally.
B What happens to the pH of the solutions?
B Explain your observations.

\Safety: Ethanol is highly flammable and harmful. ) Key pOiI‘ItS
Gt eeticrs ® Alcohols are used as
solvents and fuels, and
1 Give the name and structural formula of the main alcohol in alcoholic ethanol is the main alcohol in

drinks. alcoholic drinks.

2 List the main uses of alcohols. ® Alcohols burn in air, forming

3 a Write a word equation and a balanced symbol equation for the carbon dioxide and water.

reaction between sodium metal and methanol. ® With sodium metal, alcohols
b Name and give the structural formula of the acidic product formed react to form a solution, and
when methanol is boiled with acidified potassium dichromate(vi), a hydrogen gas is given off.

chemical oxidising agent.
¢ Write a word equation and a balanced symbol equation for the
complete combustion of methanol.

B Ethanol can be oxidised
to ethanoic acid, either by
chemical oxidising agents or

4 Methanol, ethanol, and propanol are all liquids at room temperature. by the action of microbes in
Plan an investigation to see which alcohol — methanol, ethanol, or the air. Ethanoic acid is the
\ propanol - releases most energy per gram when it bums. ) main acid in vinegar.
\ _J
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Learning objectives

After this topic, you should
know:

® how to recognise carboxylic
acids from their properties

B some uses of carboxylic
acids and esters

= why carboxylic acids are
described as weak acids

¥ how to make esters.
'8 J

CD links

For more information on the
structure of carboxylic acids, look
back to 14.1 ‘Structures of alcohols,
carboxylic acids, and esters’.

O
. .h‘.\

Figure 2 Testing the pH of a solution
using a pH sensor

O links
Look back to Chapter 7 to see the
typical reactions of acid's.

188
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Alcohols, carboxylic acids, and esters

Carboxylic acids and esters

You have already learnt about the structure of carboxylic acids. The most
well-known carboxylic acid is ethanoic acid.

H 0
Y
H—C—C/
| N
H O—H
Ethanoic acid

Figure 1 Ethanoic acid, CH,COQH, is the main acid in vinegar. Its old name was ‘acetic acid'".
Carboxylic acids are also used to make polyester fibres.

Carboxylic acids, as their name suggests, form acidic solutions when they dissolve
in water. You can look at one of their reactions in the practical on the next page.

Carboxylic acids have the typical reactions of all acids. For example, reaction
with a metal carbonate forms a salt, water, and carbon dioxide. In the practical
at the top of page 189:

sodium oy sodium carbon
carbonate ethanoate dioxide
2CH,COOH(aq) + Na,CO,(s) —» 2CH,COONa(aq) + H,O(l) + CO,(g)

ethanoic acid + + water +

Why are carboxylic acids called ‘weak acids’?

You will see in the practical on the next page how CO, gas is given off more
slowly when a metal carbonate reacts with a carboxylic acid as compared with
hydrochloric acid of the same concentration. Carboxylic acids are called weak
acids, as opposed to strong acids such as hydrochloric acid.

The pH of a 0.1 mol/dm?® solution of hydrochloric acid (a strong acid) is 1.0.
Yet a 0.1 mol/dm? solution of ethanoic acid (a weak acid) has a pH of only 2.9.
The solution of ethanoic acid is not as acidic even though the two solutions
have the same concentration. Why is this?

Acids must dissolve in water before they show their acidic properties. This is
because in water all acids ionise (split up). Their molecules split up to form
H'(aq) ions and negative ions. It is the H*(aq) ions that all acidic solutions have in
common. For example, in hydrochloric acid, the HCl molecules all ionise in
water:

water
HCl(ag) — H*(aqg)+ Cl™(aq)

We say that strong acids ionise completely in solution. However, in weak acids
most of the molecules stay as they are. Only some will ionise in their solutions.
A position of equilibrium is reached in which both molecules and ions are
present. So, in ethanoic acid:

water

CH,COOH(ag) = CH,COO (aq) +
ethanoic acid

H*(aq)

ethanoate ions hydrogen ions

Therefore, given two aqueous solutions of equal concentration, the strong acid
will have a higher concentration of H(aq) ions than the solution of the weak
acid. So, a weak acid has a higher pH (and therefore reacts more slowly with a
metal carbonate).
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Comparing ethanoic acid and hydrochloric acid ‘

Write down your observations to compare ethanoic acid with hydrochloric
acid of the same concentration.

a Take the pH of solutions of both acids.

b Add a little sodium carbonate to solutions of both acids.

Why did you use the same concentrations of each acid in the experiment?

\Safety: Wear eye protection. )

Making esters

Carboxylic acids also react with alcohols to make esters. Water is also formed
in this reversible reaction. A strong acid, usually sulfuric acid, is used as a

catalyst. For example:
sulfuric acid
catalyst

ethanoic acid + ethanol =
CH,COOH + C,H,OH =

ethyl ethanoate + water
CH,COOCH, + H,0

In general:
strong acid
catalyst

carboxylic acid + alcohol = ester + water

Here is another example:
ethanoic acid + methanol — methyl ethanoate + water

¢ {

sulfuric acid
catalyst

ethanoic acid + methanol =
CH,COOH +CH,OH =

methyl ethanoate + water
CH,COOCH, + H,0

Another example is:
sulfuric acid
catalyst

propanoic acid + ethanol =  ethyl propanoate + water
CHCOOH +CHOH — CH,COOCH, + H,0

The esters formed have distinctive smells. They are volatile (evaporate easily).
Many smell sweet and fruity. This makes them ideal to use in perfumes and
food flavourings.

Summary questions
1 a Which gas is made when propanoic acid reacts with potassium

carbonate?
b Name the salt formed.
¢ Write a balanced symbol equation for the reaction.

2 a Write a word equation, including the catalyst, to show the reversible
reaction between methanoic acid and ethanol.
b Name the ester formed from:
i ethanoic acid and ethanol
ii methanoic acid and propanol.
¢ Esters are volatile compounds. What does this mean?
d Give two uses of esters.

\3 Explain in detail why propanoic acid is described as a weak acid. J

\ each reaction.

Carboxylic acids and esters

Making esters

Your teacher will show you how
to make different esters using
carboxylic acids and alcohols.

After neutralising the acid with
sodium hydrogencarbonate,
carefully smell the test tubes
containing the different esters
formed.

B Write word equations for

P

Key points

B Solutions of carboxylic acids
have a pH value less than 7.
Carbonates gently fizz in their
acidic solutions, releasing
carbon dioxide gas.

B Aqueous solutions of weak
acids, such as carboxylic
acids, have a higher pH value
than solutions of strong acids
with the same concentration.

® Esters are made by reacting
a carboxylic acid and an
alcohol together, with a
strong acid catalyst.

\,

B Esters are volatile, fragrant
compounds used in

flavourings and perfumes.
J

S e —SD & G .
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Chapter summary questions

1 Look at the three organic molecules A, B, and C below:

A HHHHH o
O

H—C—C—C—C—C—C
Lok b L Ng gy
H HHHH

B H H o}

H—é—é—c/ HOH O H
R
LIS S ea

H H H H
corrrrrn

SRS R
H HHHHHH

Answer these questions about A, B, and C:
a Which one is a carboxylic acid?
b Which one is an alcohol?

¢ Which homologous series of organic compounds does
B belong to?

d Which of the compounds can be represented as the
structural formula CH,CH,COOCH,CH,CH,CH,?

e Using a structural formula as shown in part d, give the
structural formulae of the other two compounds.

2 a i Describe what you would see happen if a small

piece of sodium metal was dropped into a beaker

containing some ethanol.

ii Name the gas given off in this reaction.

iii Name the sodium compound formed in the
reaction.

iv The sodium in the compound formed is present as
ions. Give the formula of a sodium ion.

v Write a balanced symbol equation for the reaction
of sodium with ethanol.

b Using your knowledge of the periodic table and trends
in reactivity, suggest how ethanol’s reaction with

lithium metal would differ from its reaction with sodium.

3 a Draw the displayed formula of methanoic acid,
showing all the atoms and bonds.

b i Some potassium carbonate powder is dropped into
a test tube of a solution of methanoic acid. How
would you positively identify the gas given off?
Include a labelled diagram of the apparatus you
could use.

ii Write a word equation and balanced symbol
equation for the reaction.

Cc

5 Describe how you could distinguish between samples of
propanol, propanoic acid, and ethyl ethanoate using
simple experimental tests. Give the results of any tests
suggested.

6 You are given a 0.5 mol/dm? solution of nitric acid, and a
0.5 mol/dm? solution of methanoic acid.

a
b

c

—

|llﬂEHHHﬁ!Haﬂiaamﬁﬁiﬁﬁiﬁiiuﬁﬁﬁﬁi.

i Which aqueous solution of the following would you
expect to have the highest pH value if they all had
the same concentration?

hydrochloric acid

sulfuric acid

methanoic acid

nitric acid

ethanol

ii Which of the five solutions listed above would have
the second highest pH value? Explain your choice.

mooOom>X

What is the name of this compound?

H 0
| Yy
H—C—C/ H
o~
H O—C—C—H

|

H H

Name the carboxylic acid and alcohol used to make
the compound in part a and give one use for each.

Write a word equation and a balanced symbol
equation, showing how this compound can be made.
Include the name of the catalyst.

The compound shown in part a is volatile. What does
this mean?

Name the carboxylic acid and the alcohol you would
use to make methyl propanoate.

What does ‘a 0.5 mol/dm?® solution’ mean?

What can you predict about the relative pH values of
the two solutions?

Explain in detail your answer to part b, including
equations to show the ionisation of nitric acid and
methanoic acid in aqueous solution.
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Practice questions

1 Ethanol is often known as alcohol, but is just one member 3 Esters are organic compounds formed in the reaction
of a homologous series of alcohols. Methanol and between an alcohol and a carboxylic acid. A reaction of
propanol are two other members of the same this type is known as esterification.
homologous series. a An example of an esterification reaction is shown by
a State two features that members of a homologous this equation:
series have in common. @) HCOOH + CH,CH,CH,OH = HCOOCH,CH,CH, + H,0
b i Whatis the molecular formula of methanol? (1) VNSRS e he ragiais )
i Draw the displayed formula of propanol. (1) ii Draw the displayed formula of the ester. (1)

¢ A small piece of sodium is added to a beaker
containing methanol.

b What is the name of the ester made from ethanol and
ethanoic acid? (1)
Describe two observations you could make. (2 ¢ State two uses for esters. )
d A sample of propanol bums completely in air.
Name the products formed. 2)

e Ethanol burns completely in air in an oxidation
reaction.

Write a balanced symbol equation for this reaction. (2)

f Ethanol can also be oxidised by microbial action.

i What is the organic product of this reaction? (1)
ii What is the common name of the solution
containing this organic product? (1)

2 Carboxylic acids are compounds in a homologous series.

Like alcohols they dissolve in water to form colourless
solutions.

a A student was given separate solutions of ethanol and
ethanoic acid.

Describe how these could be distinguished by adding
sodium carbonate. Include one observation for each
compound. (2)

b The student was given separate solutions of ethanoic
acid and nitric acid with the same concentration.

These solutions can be distinguished by using a pH
meter.
Choose a possible pH value for each solution.

i The pH value of ethanoic acidis 1 57 9 13 (1)
il The pH value of nitric acid is 157913 (1)

¢ The student was shown these equations:
CH,COOH = CH,COO" +H*
HNO, — H*+ NO,~

Explain how the arrows show that ethanoic acid is
weaker than nitric acid. (2)

e — .



Learning objectives

After this topic, you should
know:

B what ‘continuous variables’
and ‘categoric variables’ are

= what is meant by ‘repeatable
evidence’, ‘reproducible
evidence’' and ‘valid
evidence’

B what the link is between the
independent and dependent
variable

B what a ‘hypothesis’ and a
‘prediction’ are

® how to reduce risks in
hazardous situations.

RM.DL.BOOKS,G S .
Experlmenofal data handling

Investigations

Science works for us all day, every day. Working as a scientist you will have
knowledge of the world around you and particularly about the subject you are
working with. You will observe the world around you. An enquiring mind will
then lead you to start asking questions about what you have observed.

Science usually moves forward by slow, steady steps. Each small step
is important in its own way. It builds on the body of knowledge that you
already have.

Thinking scientifically
Deciding on what to measure

Variables can be one of two different types:

B A categoric variable is one that is best described by a label (usually a word).
The type of metal is a categoric variable, for example, magnesium or zinc.

B A continuous variable is one that you measure, so its value could be any
number. Temperature (as measured by a thermometer or temperature
sensor) is a continuous variable, for example, 37.6°C, 45.2°C. Continuous
variables can have values (called a quantity) that can be given by any
measurements made (e.g., mass, volume).

When designing your investigation you should always try to measure
continuous data whenever you can. If there is no way to measure your variable
then you have to use a label (categoric variable).

Making your investigation repeatable, reproducible, and valid

When you are designing an investigation you must make sure that you check

results are repeatable (using the same method), and then plan for somebody
else to carry out the experiment, or use different apparatus, to check if results
are reproducible.

You must also make sure you are measuring the actual thing you want to
measure. If you do not, your data cannot be used to answer your original
question. This seems very obvious but it is not always quite so easy. You need
to make sure that you have controlled as many other variables as you can, so
that no-one can say that your investigation is not valid.

How might an independent variable be linked to a dependent
variable?

The independent variable is the one you choose to vary in your investigation.

The dependent variable is used to judge the effect of varying the independent
variable.

These variables may be linked together. If there is a pattern to be seen
(e.g., as one thing gets bigger the other also gets bigger), it may be that:
B changing one has caused the other to change

u the two are related, but one is not necessarily the cause of the other.

-—
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Starting an investigation
Observation

As scientists you use observations to ask questions. You can only ask useful
questions if you know something about the observed event. You will not have
all of the answers, but you know enough to start asking the comrect questions.

When you are designing an investigation you have to observe carefully which
variables are likely to have an effect.

What is a hypothesis?

A hypothesis is an idea based on observation that has some really good
science to try to explain it.

When making hypotheses you can be very imaginative with your ideas.
However, you should have some scientific reasoning behind those ideas so
that they are not totally bizarre.

Remember, your explanation might not be correct, but you think it is. The only
way you can check out your hypothesis is to make it into a prediction and then
test it by carrying out an investigation.

observation + knowledge — hypothesis — prediction — investigation

Starting to design an investigation

An investigation starts with a question, followed by a prediction. You, as the
scientist, predict that there is a relationship between two variables.

You should think about carrying out a preliminary investigation to find the most
suitable range and interval for the independent variable.

Making your investigation safe

Remember that when you design your investigation, you must:
B |ook for any potential hazards
B decide how you will reduce any risk.

You will need to write these down in your plan:
B write down your plan

B make a risk assessment

B make a prediction

B draw a blank table ready for the results.

| into a hypothesis.

Observations, backed up by
creative thinking and good
scientific knowledge can lead

Investigati ons

Key points

B Continuous data can give
you more information than
other types of data.

B You must design
investigations that produce
repeatable, reproducible,
and valid results if you are to
be believed.

B Be aware that just because
two variables are related,
does not mean that there is a
causal link.

® Hypotheses can lead
to predictions and
investigations.

B You must make a risk
assessment, make a
prediction, and write a plan.

A

_————



Experimental data handling

Setting up investigations

Learning objectives

After this topic, you should
know:

® what a ‘fair test’ is

= how to set up a valid
investigation

= what a ‘control group’ is

= how to decide on the
variables, range, and intervals

= how to ensure accuracy and
precision

B the causes of error and

anomalies.
- >

‘ Trial runs will tell you a lot about .

how your investigation might

work out. They should get you

to ask yourself:

® Do | have the correct
conditions?

B Have | chosen a sensible
range?

B Have | got enough readings
that are close together?

= Will | need to repeat my

;]% readings?

i
it

‘ Just because your results show .

precision does not mean your
results are accurate.

Imagine you carry out an
investigation into the energy
value of a type of fuel. You get
readings of the amount of
energy released that are all
about the same. This means that
your data will have precision,

but it doesn’t mean that they are
::';I‘a@necessarily accurate. ]

iy st

Fair testing

A fair test is one in which only the independent variable affects the dependent
variable. All other variables are controlled in order to carry out a valid
investigation. They are known as control variables.

This is easy to set up in the laboratory, but aimost impossible in fieldwork.
Investigations in the environment are not that simple and easy to control. There
are complex variables that are changing constantly.

So how can you set up the fieldwork investigations? The best you can do is to
make sure that all of the many variables change in much the same way, except
for the one you are investigating. Then at least the plants you might be
monitoring for the effects of pollution are getting the same weather, even ifit is
constantly changing.

If you are investigating two variables in a large population then you will need to
do a survey. Again, it is impossible to control all of the variables. Imagine
scientists were investigating the effect of a new drug on diabetes. They would
have to choose people of the same age and same family history to test. The
larger the sample size tested, the more valid the results will be.

Control groups are used in these investigations to try to make sure that you
are measuring the variable that you intend to measure. When investigating the
effects of a new drug, the control group will be given a placebo. The control
group think they are taking a drug but the placebo does not contain the drug.
This way you can control the variable of ‘thinking that the drug is working’ and
separate out the effect of the actual drug.

Designing an investigation
Accuracy

Your investigation must provide accurate data. Accurate data is essential if
your results are going to have any meaning.

How do you know if you have accurate data?

It is very difficult to be certain. Accurate results are very close to the true value.
It is not always possible to know what that true value is.

B Sometimes you can calculate a theoretical value and check it against the
experimental evidence. Close agreement between these two values could
indicate accurate data.

B You can draw a graph of your results and see how close each result is to the
line of best fit.

B Try repeating your measurements with a different instrument and see if you
get the same readings.

How do you get accurate data?
B Using instruments that measure accurately will help.

B The more carefully you use the measuring instruments, the more accuracy
you will get.

-
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Precision

Your investigation must provide data with sufficient precision. If it doesn’t then
you will not be able to make a valid conclusion.

How do you get precise and repeatable data?

B You have to repeat your tests as often as necessary to improve repeatability.

B You have to repeat your tests in exactly the same way each time.

B Use measuring instruments that have the appropriate scale divisions needed
for a particular investigation. Smaller scale divisions have better resolution.

Making measurements
Using instruments

You cannot expect perfect results. When you choose an instrument you need
to know that it will give you the accuracy that you want, that is, it will give you a
true reading.

When you choose an instrument you need to decide how precise you need to
be. Some instruments have smaller scale divisions than others. Instruments
that measure the same thing can have different sensitivities. The resolution of
an instrument refers to the smallest change in a value that can be detected.
Choosing the wrong scale can cause you to miss important data or make silly
conclusions.

You also need to be able to use an instrument properly.

Errors

Even when an instrument is used correctly, the results can still show
differences. Results may differ because of a random error. This is most likely
to be due to a poor measurement being made. It could be due to not carrying
out the method consistently. The effects of random errors are reduced by
taking sets of repeat readings and calculating their mean values.

The error may be a systematic error. This means that the method was carried
out consistently but an error was being repeated. Measurements will be
consistently high or consistently low as a result of systematic error.

Anomalies

Anomalies are results that are clearly out of line. They are not those that are
due to the natural variation that you get from any measurement. These should
be looked at carefully. There might be a very interesting reason why they are so
different. If they are simply due to a random error then they should be ignored.

If anomalies can be identified whilst you are doing an investigation, then it is
best to repeat that part of the investigation. If you find anomalies after you have
finished collecting the data for an investigation, then they must be discarded.

Setting up investigations

Did you know ... ?

.?.
Imagine measuring the
temperature after a set time
when a fuel is used to heat a
fixed volume of water.
Two students repeated this
experiment, four times each.
Their results are marked on the
thermometer scales below:
B A precise set of results is
grouped closely together.
B An accurate set of results will
have a mean (average) close
to the true value.

it L —

True
value

.

50°C

1]
1]l

50°C

IHHHU

\|\

Accurate
{but not precise)

45°C

45°C
Precise
(but not accurate)

Key points

B Care must be taken to ensure

fair testing.

B You can use a trial run to

make sure that you choose
the best values for your
variables.

® Careful use of the correct

equipment can improve
accuracy.

H If you repeat your results

carefully you can improve
precision.

B Results will nearly always

vary. Better instruments give
more accurate results.

B Resolution in an instrument

is the smallest change that it
can detect.

B Human error can produce

random and systematic
errors.

B You must examine anomalies.

J

S § GHEN— .
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Using data

Learning objectives

After this topic, you should
know:

= what is meant by the ‘range’
and the ‘mean’ of a set of
data

B how data should be
displayed

B which charts and graphs are
best to identify patterns in
data

= how to identify relationships
within data

® how scientists draw
valid conclusions from
relationships

H how to evaluate the
reproducibility of an
investigation.

Presenting data
Tables

Tables are really good for getting your results down quickly and clearly. You
should design your table before you start your investigation.

The range of the data

Pick out the maximum and the minimum values and you have the range. You
should always quote these two numbers when asked for a range. For example,
the range is between ... (the lowest value) and ... (the highest value) and don't
forget to include the units!

The mean of the data

To find the mean of a set of data, add up all of the measurements and divide
by how many there are.

Bar charts

If you have a categoric independent variable and a continuous dependent
variable then you should use a bar chart.

Line graphs

If you have a continuous independent variable and a continuous dependent
variable then use a line graph.

Scatter graphs

These are used in much the same way as a line graph, but you might not
expect to be able to draw such a clear line of best fit. For example, to find out if
the melting point of an element is related to its density you might draw a scatter
graph of your results.

Using data to draw conclusions
Identifying patterns and relationships

Now you have a bar chart or a graph of your results you can begin looking for
patterns in your results. You must have an open mind at this point.

Firstly, there could still be some anomalous results. You might not have picked
these out earlier. How do you spot an anomaly? It must be a significant
distance away from the pattemn, not just within normal variation.

A line of best fit will help to identify any anomalies at this stage. Ask yourself -
do the anomalies represent something important or were they just a mistake?

Secondly, remember a line of best fit can be a straight line or it can be a curve
- you have to decide from your results.

-
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Using data

The line of best fit will also lead you into thinking what the relationship is
between your two variables. You need to consider whether your graph shows a
linear relationship. This simply means can you be confident about drawing a
straight line of best fit on your graph? If the answer is yes, then does this line
have a positive or negative gradient?

A directly proportional relationship is shown by a straight line with a positive
gradient that goes through the origin (0, 0).

Your results might also show a curved line of best fit. These can be predictable,
complex, or very complex!

Drawing conclusions

Your graphs are designed to show the relationship between your two chosen Key points

variables. You need to consider what that relationship means for your
conclusion. You must also take into account the repeatability, reproducibility,
and the validity of the data you are considering.

B The range states the
maximum and the minimum
value.

You will continue to have an open mind about your conclusion. =
B The mean is the sum of the

You will have made a prediction. This could be supported by your results, it values divided by how many
might not be supported, or it could be partly supported. It might suggest some values there are.
other hypothesis to you. :

B Tables are best used during
You must be willing to think carefully about your results. Remember it is quite an investigation to record
rare for a set of results to completely support a prediction and be completely results.
repeatable.

B Bar charts are used when
Look for possible links between variables. It may be that: you have a categoric
B changing one has caused the other to change independent variable and
B the two are related, but one is not necessarily the cause of the other. a continuous dependent

iable.
You must decide which is the most likely. Remember a positive relationship mnave
does not always mean a causal link between the two variables. B Line graphs are used
to display data that
Your conclusion must go no further than the evidence that you have. Any v '.SP eI AT
; S continuous.

pattems you spot are only strictly valid in the range of values you tested.
Further tests are needed to check whether the pattern continues beyond this ® Drawing lines of best fit helps
range. us to study the relationship

between variables. The

The purpose of the prediction was to test a hypothesis. The hypothesis can: possible relationships are

B be supported, linear, positive and negative;

B be refuted, or directly proportional;

B lead to another hypothesis. predictable and complex
curves.

You have to decide which it is on the evidence available.

® Conclusions must go
Evaluation no further than the data
available.

If you are still uncertain about a conclusion, it might be down to the
repeatability, the reproducibility, and the validity of the results. You could check
reproducibility by:

B The reproducibility of data
can be checked by looking

B |ooking for other similar work on the Internet or from others in your class A otherein AR Wtk done
by others, perhaps on

B getting somebody else to redo your investigation the Internet. It can also
H trying an alternative method to see if you get the same results. be checked by using a

different method or by others

checking your method.
" J

R ¥ G
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Practice questions

Calcium carbonate reacts with dilute hydrochloric acid. The equation for the
reaction is:

CaCO,(s) + 2HCl(aq) — CaCl,(aq) + H,0(l) + CO(g)

A student investigated how changing the concentration of dilute hydrochloric acid
altered how quickly carbon dioxide gas was made.

The gas was collected over water and its volume measured every 20 seconds.

/.

nl—i\ Carbon dioxide
= collected
) 3
i
w3
Hydrochloric 3
a6 - = |~ Water
\:U 7
Calcium ~

carbonate O

1(a) The diagram shows the apparatus during one experiment.

The volume is correct and units What volume of carbon dioxide gas has been collected?
have been given. Level has

been read .to bottom Of the ................................................................................................................
meniscus. (1)

The graph shows the results the student obtained.

LV s s — — T T T T T
(There are two marks available\ - d!'llﬁh?]r goncslr;tr_atmn_ d [ &—E%ﬁ:
for the answer, so there will . 100 e s i s = —
normally be two things that 5 4 "/,K/ I
need to be said to gain full E 80 // . Lower concentration
marks. This candidate has = 7 /)f/ dilute hydrochloric acid
spotted that whilst the final 2 A 4
volume of gas collected is the -:% 60 ¢
same (the graphs level off at g iy
the same height) the line for g 40 7 //
the more concentrated acid is § - F
steeper - this means that at 20+AF
any time before the reaction is j}?
complete, more gas has been o
collected when the more 0 30 100 150 200 300
time / seconds

%, concentrated acid is used.

1 (b) Describe the effect of changing the concentration of the dilute hydrochloric
acid on the volume of carbon dioxide collected during the experiment.

Gue to the fact that carbon \

\Whew the concentration of the acid is higher the gas is collected
dioxide is slightly soluble in more quickly but the same final volume of gas is collected.
Water, a sma" amount of It WIII ..................................................................................................... .2.-
dissolve in the water in the @)
water bath. This will reduce the 1(c) Carbon dioxide gas is slightly soluble in water. What effect will this have on
volume of gas that can be the volume of gas collected?
col{lected in the measuring > it will reduce the volume of gas collected.

gz. Gyllnder. 0 | o i S AT e L e e e Do R T R e e e L S R G R
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Exam questions and answers

1(d) The student carried out her investigation so that it was a fair test. Select
one variable that must be kept constant for the experiment to be a fair test
and explain why it must be kept constant. (A variable which must be \
The :‘?.".‘:‘f'fﬂ?‘.?.ﬁ.‘f‘?’.ﬁ.'. of’che calelum carbonate munst be kRept controlleq has been identified

(other variables that must be
................................................................................................. controlled include the
................................................................................................ %——_| temperature of the acid). This

second. This would make the reaction faster. scores oneman. The
3) remaining two marks are
awarded for explaining why
Another student investigated the mass of calcium carbonate used on the final changing the selected variable
volume of carbon dioxide gas collected. The method she followed was: %X\f.ould change the results. J

1. Place 25.0cm? of dilute hydrochloric acid in a boiling tube.
2. Add a known mass of calcium carbonate to the dilute acid in the boiling tube.
3. Connect the boiling tube to a gas syringe as shown in the diagram.

Hydrochloric -
acid \-‘_

[TTTTTTTTT

s

The graph shows the results she obtained.

140

120

100

volume of carbon dioxide / cm?*
e

20 3¢

0 0.1 0.2 0.3 0.4 0.5 0.6
mass of calcium carbonate / grams

1(e) Name an item of laboratory apparatus most suitable for measuring
25.0cm? of hydrochloric acid.

A volumetric pipette is the best
apparatus to measure a fixed
volume such as 25.0cm?®.

A burette could also be used.

—_— &



Practice questions

The line drawn is straight

(it has been done with the aid
of a rule) and it ignores the
anomalous point.

(An altemative way to say this D
‘they are directly proportional’.
A straight line through the
origin shows a directly
proportional relationship. If the
line is straight but does not
pass through the origin then
you can say it is a linear
relationship (but it is not

1(f)
140

120

=

volume of carbon dioxide / cm®

20

1(g)

,_\_\directly proportional).

ﬁe point that is some distancg
from the line has been
correctly identified.
The explanation gives a correct
reason why the volume of gas
collected could have been too
small and explains why the
reason given would result in
too small a volume. Other
possible explanations include
the mass of calcium carbonate
being too small so less carbon

1(h)

140

RM.DL.BOOKS GROUPS

\

Draw a line of best fit through the points on the graph.
b4
0 041 0.2 0.3 0.4 0.5 0.6
mass of calcium carbonate / grams
(1)
Describe the relationship between the mass of calcium carbonate used

and the volume of carbon dioxide gas collected.

There is an anomalous point on the graph. Circle the anomalous point and
explain what could have happened to cause the anomalous point.

120

100

volume of carbon dioxide / cm*

20

, dioxide would be made.

(Repeating the experiment doea
not necessarily make the
results more accurate, but it
does let us check to see if the
results are precise. Calculating
a mean using the repeated
results will reduce any random
errors and so the mean values

1()

. should be more accurate.
W,

Y

0.1 0.2 0.3 0.4

mass of calcium carbonate / grams

0.5 0.6

--------------------------------------------------------------------------------------------

What should the student have done to check the precision of her results
and improve the accuracy of the data she has plotted?

\ The expertment should have been repeated at least three times
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Exam questions and answers

1 (j) Use the graph to predict the volume of gas that would be collected if 0.55¢g
of calcium carbonate were used in the experiment. Show all of your working.

140
120
E
(&
< 100
=
>
S 80
=
3
8 60
S
a5}
E 4
£
20
b4
0 Ghis scores both marks \
0 01 f2 . 0.3 0.4 0.5 05 because the candidate has
mass of calcium carbonate / grams extrapolated the graph line and
The volume of gas would De 110CnL”,  ammm—————— then reac off e eomect valug
@) from the graph. The value has
been read from the graph
The student then repeated the experiment using 0.55¢g of calcium carbonate. She g_agfzcurately. ,é

obtained a much smaller volume of gas than she expected. Her teacher suggested
that this was because she had not used enough acid to react with all the calcium
carbonate.

1(k) Explain how she could check whether her teacher’s suggestion was

correct. This scores both marks as the
She could repeat the experiment using a Llarger volume of acid. candidate has said what
....................... hoiild Beaore, Shd the Fesilt
I the teacher s corvect thew the volume as will inerease. S

f ................................................................. o:f.g ...................................... that Sh0U|d be obtained if the

@) teacher is cormrect.
The student calculated the volume of gas, at 25°C, she should have made in some
of the runs. The table shows the volumes she collected and how much should
have been made.

Mass calcium Volume carbon dioxide Theoretical volume of All of the gas volumes are too\
carbonate /g collected/cm? carbon dioxide/cm? small. This means there is a
0.10 20 o4 problem with the procedure
being used. Jj
0.20 40 48
0.30 60 2]

Ghis answer scores both markg
as it gives a problem that
would cause a systematic error
................................................................................................... and explains how that error

(1) makes the gas volume too
small. Another correct answer
would be if the gas was being

1 (1) What type of error do her results show?

1 (m) Explain how an error of this type could have occurred in each run.

As soow as the calcium carbonate has beew added to the acid collected at a temperature
carbow dioxide gas s made. Sowe of this gas escapes before the g below 25°C as at alower
bung is placed in the boiling tube connected to the gas syringe. TempRERsRgas il b

\ 2 smaller volume.

@)
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Accurate A measurement is
considered accurate if it is judged
to be close to the true value.

Acid A sour substance which can
attack metal, clothing, or skin.
When dissolved in water, its
solution has a pH value less
than 7. Acids are proton (H* ion)
donors.

Activation energy The minimum
energy needed for a reaction to
take place.

Alkali metal Elements in Group 1 of
the periodic table, e.g., lithium (Li),
sodium (Na), potassium (K).

Alkali Its solution has a pH value
more than 7.

Alkane Saturated hydrocarbon with
the general formulaC H, ., e.g.,
methane, ethane, and propane.

Alkene Unsaturated hydrocarbon
which contains a carbon-carbon
double bond. Its general formula
is C H, .e.g., ethene CH,.

Alloy A mixture of two or more
elements, at least one of which is
a metal.

Aluminium A low density, corrosion-
resistant metal used in many
alloys, including those used in the
aircraft industry.

Anhydrous Describes a substance
that does not contain water.

Anode The positive electrode in
electrolysis.

Anomalies Results that do not
match the pattern seen in the
other data collected or are well
outside the range of other repeat
readings. They should be retested
and if necessary discarded.

Aqueous solution The mixture
made by adding a soluble
substance to water.

Atmosphere The relatively thin layer
of gases that surround planet
Earth.
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Atom The smallest part of an
element that can still be
recognised as that element.

Atomic number The number of
protons (which equals the number
of electrons) in an atom. It is
sometimes called the proton
number.

B

Balanced (equation) A symbol
equation in which there are equal
numbers of each type of atom on
either side of the equation.

Bar chart A chart with rectangular
bars with lengths proportional to
the values that they represent.
The bars should be of equal
width. Also called a bar graph.

Base The oxide, hydroxide, or
carbonate of a metal that will
react with an acid, forming a salt
as one of the products. (If a base
dissolves in water it is called an
alkali.) Bases are proton (H* ion)
acceptors.

Biodegradable Materials that can
be broken down by
microorganisms.

Biodiesel Fuel for cars made from
plant oils.

Biofuel Fuel made from animal or
plant products.

Bond dissociation energy The
energy required to break a
specific chemical bond.

Brine A solution of sodium chloride
in water.

Burette Along glass tube with atap
at one end and markings to show
volumes of liquid. It is used to add
precisely known volumes of
liquids to a solution in a conical
flask below it.

C

Carbon monoxide Atoxic gas
whose formula is CO.

Carbon steel Alloy of iron
containing controlled, small
amounts of carbon.

Catalyst A substance that speeds
up a chemical reaction but
remains chemically unchanged
itself at the end of the reaction.

Catalytic converter Fitted to
exhausts of vehicles to reduce
pollutants released.

Categoric variable See Variable -
categoric.

Cathode The negative electrode in
electrolysis.

Chromatography The process
whereby small amounts of
dissolved substances are
separated by running a solvent
along a material such as
absorbent paper.

Climate change The change in
global weather patterns that could
be caused by excess levels of
greenhouse gases in the
atmosphere.

Closed system A system in which
no matter or energy enters or
leaves.

Collision theory An explanation of
chemical reactions in terms of
reacting particles colliding with
sufficient energy for a reaction to
take place.

Compound A substance made
when two or more elements are
chemically bonded together. For
example, water (H,0) is a
compound made from hydrogen
and oxygen.

Contact process The industrial
process for the manufacture of
sulfuric acid, H,SO,.

Continuous variable See Variable -
continuous.

Control group If an experiment is to
determine the effect of changing a
single variable, a control is often
set up in which the independent
variable is not changed, therefore
enabling a comparison to be
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made. If the investigation is of the
survey type a control group is
usually established to serve the
same purpose.

Control variable See Variable —
control.

Covalent bond The bond between
two atoms that share one or more
pairs of electrons.

Covalent bonding The attraction
between two atoms that share one
or more pairs of electrons.

Cracking The reaction used in the oil
industry to break down large
hydrocarbons into smaller, more
useful ones. This occurs when the
hydrocarbon vapour is either
passed over a hot catalyst or
mixed with steam and heated to a
high temperature.

D

Data Information, either qualitative or
quantitative, that has been
collected.

Delocalised electron Bonding
electron that is no longer
associated with any one particular
atom.

Dependent variable See Variable -
dependent.

Diffusion The automatic mixing of
liquids and gases as aresult of the
random motion of their particles.

Directly proportional A relationship
that, when drawn on a line graph,
shows a positive linear relationship
that passes through the origin.

Displacement reaction A reaction
in which a more reactive element
takes the place of a less reactive
element in one of its compounds
or in solution.

Distillation Separation of a liquid
from a mixture by evaporation
followed by condensation.

Dot and cross diagram A drawing
to show only the arrangement of
the outer shell electrons of the
atoms or ions in a substance.

Double bond A covalent bond made
by the sharing of two pairs of
electrons.
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E

Electrolysis The breakdown of a
substance containing ions into
elements by electricity.

Electrolyte A liquid, containing
free-moving ions, which is broken
down by electricity in the process
of electrolysis.

Electron A tiny particle with a
negative charge. Electrons orbit
the nucleus in atoms or ions.

Electronic structure A set of
numbers to show the arrangement
of electrons in their shells (or
energy levels), e.g., the electronic
structure of a potassium atom
is 2,8,8,1.

Electroplating The process of
depositing a thin layer of metal on
an object during electrolysis.

Element A substance made up of
only one type of atom. An element
cannot be broken down
chemically into any simpler
substance.

Empirical formula The simplest
ratio of atoms of each element in a
compound.

End point The point in a titration
where the reaction is complete
and titration should stop.

Endothermic A reaction that takes in
energy from the surroundings.

Energy level see Shell.

Equilibrium The point in a reversible
reaction in which the forward and
backward rates of reaction are the
same. Therefore, the amounts of
substances present in the reacting
mixture remain constant.

Error Sometimes called an
uncertainty.

Error —random Causes readings to
be spread about the true value,
due to results varying in an
unpredictable way from one
measurement to the next. Random
errors are present when any
measurement is made, and cannot
be corrected. The effect of
random errors can be reduced by
making more measurements and
calculating a new mean.

—————————————————— e

Error - systematic Causes readings
to be spread about some value
other than the true value, due to
results differing from the true
value by a consistent amount
each time a measurement is
made. Sources of systematic error
can include the environment,
methods of observation, or
instruments used. Systematic
errors cannot be dealt with by
simple repeats. If a systematic
error is suspected, the data
collection should be repeated
using a different technique or a
different set of equipment, and the
results compared.

Ethene An alkene with the formula
C,H,.

Evidence Data which has been
shown to be valid.

Exothermic A reaction that gives out
energy to the surroundings.

F

Fair test A fair test is one in which
only the independent variable has
been allowed to affect the
dependent variable.

Fermentation The reaction in which
the enzymes in yeast turn glucose
into ethanol and carbon dioxide.

Flammable Easily ignited and
capable of burning rapidly.

Fraction Groups of hydrocarbons
separated from crude oil. Each
fraction contains molecules with a
similar number of carbon atoms.

Fractional distillation A way to
separate liquids from a mixture of
liquids by boiling off the
substances at different
temperatures, then condensing
and collecting the liquids.

Fuel cell An electrical cell in which
the energy released in the oxidation
of a fuel is used to generate
electricity. Typical fuels used are
hydrogen or methane gases.

Fullerene Form of the element
carbon that can exist as large
cage-like structures, based on
hexagonal rings of carbon atoms.
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Functional group An atom or group
of atoms that give organic
compounds their characteristic
reactions.

G

Gas A state of matter.

Giant covalent structure A huge
3-D network of covalently-bonded
atoms (e.g., the giant lattice of
carbon atoms in diamond or
graphite).

Giant lattice A huge 3-D network of
atoms or ions (e.g., the giant ionic
lattice in sodium chloride).

Giant structure See Giant lattice.

Global dimming The reflection of
sunlight by tiny solid particles in
the air.

Group All the elements in the
columns (labelled 1 to 7 and 0)
down the periodic table.

H

Half equation Anequation that
describes reduction (gain of
electrons) or oxidation (loss of
electrons), such as the reactions
that take place at the electrodes
during electrolysis. For example:
Na*+e” — Na.

Halogens The elements found in
Group 7 of the periodic table.
Hazard Something (e.g., an object,
a property of a substance, or an

activity) that can cause harm.

High-alloy steel Expensive alloy of
iron mixed with relatively large
proportions of other metals, e.g.,
stainless steel which contains
nickel and chromium along with
the iron.

Homologous series A group of
related organic compounds that
have the same functional group,
e.g., the molecules of the
homologous series of alcohols all
contain the -OH group.

Hydrated Describes a substance
that contains water in its crystals,
e.g., hydrated copper sulfate.

Hydration A reaction in which water
(H,0) is chemically added to a
compound.

Hydrocarbon A compound
containing only hydrogen and
carbon.

Hypothesis A proposal intended to
explain certain facts or
observations.

Incomplete combustion When a
fuel burns in insufficient oxygen,
producing carbon monoxide as a
toxic product or carbon (soot)
particles.

Independent variable See Variable -
independent.

Inert Unreactive.

Intermolecular forces The
attraction between the individual
molecules in a covalently-bonded
substance.

Interval The quantity between
readings, for example, a set of 11
readings equally spaced over a
distance of 1m would have an
interval of 10cm.

lon A charged particle produced by
the loss or gain of electrons.

lonic bond The electrostatic force of
attraction between positively and
negatively charged ions.

lonic bonding The electrostatic force
of attraction between positively
and negatively charged ions.

lonic equation An equation that
shows only those ions or atoms
that change in a chemical
reaction.

Isotope Atoms that have the same
number of protons but a different
number of neutrons, i.e., they
have the same atomic number but
different mass numbers.

L

Limewater The common name for
calcium hydroxide solution.

Line graph Used when both
variables are continuous. The line
should normally be a line of best

fit, and may be straight or a
smooth curve.
Liquid A state of matter.
Low-alloy steel Alloy of iron
containing small amounts
(1 to 5 per cent) of other metals.

M

Macromolecule Giant covalent
structure.

Mass number The number of
protons plus neutrons in the
nucleus of an atom.

Mean The arithmetical average of a
series of numbers.

Metal ore Arock in which there is
sufficient metal compound (or
occasionally metal) to make it
economically viable to extract the
metal.

Mixture When some elements or
compounds are mixed together
and intermingle but do not react
together (i.e., no new substance is
made). A mixture is not a pure
substance.

Mole The amount of substance in
the relative atomic or formula
mass of a substance in grams.

Molecular formula The chemical
formula that shows the actual
numbers of atoms of each
element in a particular molecule
(e.g.. C,H).

Molecule A group of atoms bonded
together, e.g., PCL..

Monomers Small reactive molecules
that react together in repeating
sequences to form a very large
molecule (a polymer).

N

Nanoscience The study of very tiny
particles or structures between
1 and 100 nanometres in size,
where 1 nanometre = 10 metres.

Neutral A solution with a pH value of
7 which is neither acidic nor
alkaline. Alternatively, something
that carries no overall electrical
charge, that is, neither positively
nor negatively charged.
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Neutralisation The chemical
reaction of an acid with a base in
which they cancel each other out,
forming a salt and water. If the
base is a carbonate or hydrogen
carbonate, carbon dioxide is also
produced in the reaction.

Neutron A dense particle found in
the nucleus of an atom. It is
electrically neutral, carrying no
charge.

Nitrogen oxide Gaseous pollutant
given off from motor vehicles. It is
a cause of acid rain.

Noble gases The very unreactive
gases found in Group 0 of the
periodic table.

Non-renewable Something which
cannot be replaced once itis used
up.

Nucleus (of an atom) The very small
and dense central part of an atom
which contains protons and
neutrons.

o

Oxidation The reaction when
oxygen is added to a substance
(or when electrons are lost).

Oxidised A reaction where oxygen
is added to a substance (or when
electrons are lost from a
substance).

P

Particulate Small solid particle, e.g.,
carbon (soot), given off from
motor vehicles as a result of
incomplete combustion of its fuel.

Percentage yield The actual mass
of product collected in a reaction
divided by the maximum mass
that could have been formed in
theory, multiplied by 100.

Periodic table An arrangement of
the elements in the order of their
atomic numbers, forming groups
and periods.

pH scale A number which shows
how strongly acidic or alkaline a
solution is. Acids have a pH value
of less than 7 (pH 0 is strongly
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acidic). Alkalis have a pH value
above 7 (pH 14 is strongly
alkaline). A neutral liquid has a pH
value of 7.

Pipette A glasstube used to
measure accurate volumes of
liquids.

Polymer A substance made from
very large molecules made up of
many repeating units, e.g.,
poly(ethene).

Polymerisation The reaction of
monomers to make a polymer.

Precipitate An insoluble solid
formed by a reaction taking place
in solution.

Precise A precise measurement
is one in which there is very
little spread about the mean
value. Precision depends only
on the extent of random errors -
it gives no indication of how close
the results are to the true value.

Precision A precise set of repeat
readings will be closely grouped
together.

Prediction A forecast or statement
about the way something will
happen in the future. In science
it is not just a simple guess,
because it is based on some
prior knowledge or on a
hypothesis.

Product A substance made as a
result of a chemical reaction.

Propene An alkene with the formula
CH,

Proton A tiny positive particle
found inside the nucleus of an
atom.

R

Random error See Error — random.

Range The maximum and minimum
values of the independent or
dependent variables. It is
important in ensuring that any
pattern is detected.

Reactant A substance you start with
before a chemical reaction takes
place.

Reactivity series A list of elements
in order of their reactivity. The
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most reactive element is put at
the top of the list.

Reduction A reaction in which

oxygen is removed (or electrons
are gained).

Relationship The link between the

variables that were investigated.
These relationships may be:
causal, i.e., changing x is the
reason why y changes; by
association, i.e., both x and y
change at the same time, but the
changes may both be caused by
a third variable changing; by
chance occurrence.

Relative atomic mass, A, The

average mass of the atoms of an
element compared with carbon-12
(which is given a mass of exactly
12). The average mass must take
into account the proportions of
the naturally occurring isotopes of
the element.

Relative formula mass, M, The total

of the relative atomic masses,
added up in the ratio shown in the
chemical formula of a substance.

Repeatable A measurement is

repeatable if the original
experimenter repeats the
investigation using the same
method and equipment and
obtains the same results.

Reproducible A measurementis

reproducible if the investigation is
repeated by another person, or by
using different equipment or
techniques, and the same results
are obtained.

Resolution This is the smallest

change in the quantity being
measured (input) of a measuring
instrument that gives a
perceptible change in the reading.

Reversible reaction A reaction in

which the products can re-form
the reactants.

R, (retention factor) A measurement

from chromatography. Itis the
distance a spot of substance has
been carried above the baseline
divided by the distance of the
solvent front.
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Risk The likelihood that a hazard will
actually cause harm. We can
reduce risk by identifying the
hazard and doing something to
protect against that hazard.

Rusting The corrosion of iron.

S

Salt A compound formed when
some or all of the hydrogen in an
acid is replaced by a metal (or by
an ammonium ion), for example,
potassium nitrate, KNO, (from
nitric acid).

Saturated hydrocarbon A
hydrocarbon with only single
bonds between its carbon atoms.
This means that it contains as
many hydrogen atoms as
possible in each molecule.

Shell (or energy level) An areainan
atom, around its nucleus, where
electrons are found.

Smart polymer Polymers that
change in response to changes in
their environment.

Solid A state of matter.

Stainless steel A chromium-nickel
alloy of steel which does not rust.

State symbol The abbreviations
used in balanced symbol
equations to show if reactants
and products are solid (s),
liquid (l), gas (g) or dissolved in
water (aq).

State of matter Tells us whether a
substance is a solid, a liquid, or a
gas.

Steel An alloy of iron with small
amounts of carbon or other
metals, such as nickel and
chromium, added.

Sulfur dioxide A toxic gas whose

formula is SO, It causes acid rain.

Symbol equation A balanced
chemical equation showing the
formula of each reactant and
product in the reaction, e.g.,

H, +Cl, — 2HCI

Systematic error See Error -

systematic.
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T

Thermal decomposition The
breakdown of a compound by
heating it.

Thermosetting polymer Polymer
that can form extensive cross-
linking between chains, resulting
in rigid materials which are
heat-resistant.

Thermosoftening polymer Polymer
that forms plastics which can be
softened by heating, then
remoulded into different shapes
as they cool down and set.

Titration A method for measuring
the volumes of two solutions that
react together.

Transition element Element from
the central block of the periodic
table. It has typical metallic
properties and forms coloured
compounds.

U

Universal indicator A mixture of
indicators that can change
through a range of colours
depending on the pH of a
solution. Its colour is matched
to a pH number using a pH
scale. It shows how strongly
acidic or alkaline liquids and
solutions are.

Unsaturated hydrocarbon
A hydrocarbon whose molecules
contains at least one
carbon-carbon double bond.

Vv

Valid Suitability of the investigative
procedure to answer the question
being asked.

Variable Physical, chemical, or
biological quantity or
characteristic.

Variable - categoric Categoric
variables have values that are
labels. For example, names of
plants or types of material.

o

Variable - continuous Can have
values (called a quantity) that can
be given by measurement (e.g.,
light intensity, flow rate,
temperature).

Variable - control A variable which
may, in addition to the
independent variable, affect the
outcome of the investigation and
therefore has to be kept constant
or at least monitored.

Variable - dependent The variable
for which the value is measured
for each and every change in the
independent variable.

Variable - independent The
variable for which values are
changed or selected by the
investigator.

Viscosity The resistance of a liquid
to flowing or pouring; a liquid’s
‘thickness’.

W

Word equation A way of describing
what happens in a chemical
reaction by showing the names of
all reactants and the products
they form.

Y

Yield See Percentage yield.
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1 Atomic stru (]

1.1
1 Eg General Average |Arrangement| Movement
properties distance of particles | of particles
between
particles
Solid | Fixed shape; Particles are | Regular Vibrate on
incompressible |touching pattern the spot
Liguid | No fixed shape; | Most Irregular, Slip and
can flow; particles are | random slide over
very difficult to | touching and around
compress each other
Gas | No fixed shape; | Large Irregular, Can move
spreads out to | distances random very quickly.
fill its container; In a random
easily manner,
compressed between
collisions

2 As the particles of gas are cooled down their average speed decreases
until at its condensation point the particles become much closer together.
They form a liquid in which the particles are moving randomly, slipping
over and around each other. As the liquid is cooled, the average speed of
the particles decreases until at its freezing point the particles stop moving
around randomly and remain in fixed positions, vibrating on the spot. As
the solid is cooled the average rate of the vibrations slows down.

3 a freeze/solidify d boil/evaporate
b condense e sublime
c melt

4 As the temperature is increased, the particles in a gas gain energy and
their average speed is increased and they take up more space if the
pressure remains constant. Therefore, the density decreases as the same
mass of gas occupies a larger volume.

By compressing a gas the pressure is increased as particles collide with
the walls of their container more frequently. So, the same mass of gas
occupies a smaller volume and the density of the gas increases.

5 The strength of the attractive forces between particles varies in different
substances so those with stronger forces of attraction will have higher
melting points than those with weaker forces of attraction.

6 Plan a fair test varying one factor, e.qg., temperature of the water or
surface area of the paper towel, keeping all other variables constant.
Monitor the rate of evaporation by measuring the mass of the wet paper
towel on the electronic balance at regular time intervals.

1.2
1 a The food particles released from the hot food diffuse through the air
outside the shop and passers-by detect these with their sense of smell.
b The particles of water move around faster in hot water than in
cold water so they collide into the sugar particles in the solid more
frequently and with more energy. This breaks down the regular
arrangement of sugar particles in the solid and spreads them out
more quickly as the sugar solution is formed.
¢ Hot water releases water particles into the air as its most energetic
particles are moving fast enough to escape from their neighbouring
water particles at the surface. The glass in the window is colder than
the air so any water particles diffusing through the air to the window
will cool down and slow down; then the vapour will condense back to
liquid on the glass.
d Petrol is a volatile liquid so particles can evaporate from its surface
guite easily. It is also flammable. In a petrol station there are likely
to be particles from petrol diffusing through the air which could be
ignited by any naked flame or a lighted cigarette.
2 a The movement of one substance through another due to the random
motion of the particles in liquids or gases.
b The average speed of the particles in a gas is greater than that in a liquid
so the mixing together of particles happens more quickly in gases.

3 The jittery movement of the pollen grains must be caused by collisions
with the particles in liquid water which are too small to be seen under the
microscope.

4 As hydrogen bromide is heavier than hydrogen chloride the white ring
of smoke would form nearer the end of the tube releasing particles
(molecules) of hydrogen bromide.

-
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ammonia + hydrogen bromide — ammonium bromide

NH,(g) + HBr(g) - NH,Br(s)
3
a C Atoms are solid spheres that cannot be split into simpler particles.
b soda and lime
a The electron
b A diffuse cloud of positive charge with tiny negatively charged

electrons spread throughout.
Rutherford said that the positive charge in an atom was concentrated into
a very small volume at the centre of the atom (in the nucleus) and that the
electrons were orbiting the centre of the atom/nucleus.
He found that energy emitted from electron transitions could only have
certain fixed energies, so he refined the “orbiting electrons’ in Rutherford’s
nuclear model to ‘orbiting electrons in energy levels (or shells) at fixed
distances from the nucleus’.

4
8 | Metals Non-metals
Barium Phosphorus
Vanadium | Krypton
Mercury
Potassium
Uranium

b Non-metal because it does not have the physical properties of a
metal, e.g., it does not conduct electricity.

A mixture of elements can be separated by physical means because

atoms from the different elements are not chemically bonded to each

other whereas they are if they have reacted together.

One diagram showing an element in which all the atoms present must of

the same type and another showing a compound containing more than

one type of atom chemically combined.

A tiny central nucleus surrounded by orbiting electrons.

a Ma from Latin natrium ¢ Pbfrom Latin plumbum
b Aufrom Latin aurum d K from Latin kalium
1.
Sub-atomic particle Location Relative charge

Proton In the nucleus +1
Neutron In the nucleus 0
Electron Orbiting the nucleus -1

a Iltincreases by 1.

b Itincreases by 8.

c Metals —Li, Be, Na, Mg, Al

Mon-metals —H, He, C, N, O, F, Ne, P, S, Cl, Ar
Metalloids — B, Si
Atoms contain an equal number of protons (carrying a relative charge
of +1) and electrons (carrying a relative charge of -1) so the opposite
charges cancel each other out.
Cobalt, Co, atomic number = 27, mass number = 59.
7 protons, 7 electrons, and 7 neutrons.
17 protons, 17 electrons, and 18 neutrons.
47 protons, 47 electrons, and 61 neutrons.
92 protons, 92 electrons, and 143 neutrons.

The first or innermost shell.
2 in the first then 8 in the second.
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iii Metal

iv 2882

v Medical use of radioactive isotopes - e.g., tracing the movement
of materials inside the body; treating cancer/chemaotherapy
Industrial use - e.g., nuclear fuel rods to generate electricity/ gauging
thickness of material in manufacturing/finding faults in materials

| I /;.\, | i//fm\\ X
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Answers to end of chapter practice questions

3 a 2,88/ b 1 electron 1 Solid (1 mark)
4 phosphorus, P Gas (1 mark)
5 a Because they all have one electron (the same number of electrons) in Liquid (1 mark)
the highest energy level (outermost shell) of their atoms. 2 a Element - all atoms are the same. ) (1 mark)
b lithium + oxygen — lithium oxide Compound - two different atoms/elements combined
sodium + oxygen — sodium oxide together. - (1 mark)
potassium + oxygen — potassium oxide b Ammonia is a compound because only one type of
molecule, each containing two types of atom. {1 mark)
1.7 Air is a mixture because more than one type of molecule. (1 mark)
1 . . 7 T ¢ i Condensation/liquefaction (1 mark)
Sub-atomic particle Relative mass Relative charge il Evaporation/boiling (1 mark)
Proton 1 +1 ii Sublimation (1 mark)
Neutron 1 0 3 a Blue (1 mark)
Darker at bottom of beaker/lighter at top of beaker {1 mark)
Electron Very small [Tl)u) -1 b Becomes smaller/disappears {1 mark)
¢ Dissolving/solution (1 mark)
2 a 5 protons and 6 neutrons d 17 protons and 20 neutrons Diffusion (1 mark)
b 7 protons and 7 neutrons e 53 protons and 74 neutrons 4 a White solid/smoke (1 mark)
¢ 12 protons and 12 neutrons Closer to ammonia end (1 mark)
3 Atoms of the same element with different numbers of neutrons/Atoms bgg s (1 mark)
with the same number of protons but different numbers of neutrons/ ¢ They travel further than hydrogen chloride molecules. (1 mark)
Atoms wlith the same atomic number but different mass numbers 5 a Atoms of same element with same numbers of protons (1 mark)
4 a Density but different numbers of neutrons. (1 mark)
b They have the same electronic structures so have the same number of b Same number of electrons (in outer shell) (1 mark)
electrons in their highest energy level/outermost shell. c i 10 (1 mark)
5 a 0.00024g/cm? ¢ Radioactive i 10 (1 mark)
b Highly flammable i 10 (1 mark)
iv 22 {1 mark)
Answers to end of chapter summary questions . d géNe (; mS:J
1 z The change from a solid directly to a gas. : 8 g? ﬁ:dr:]]
c 3 (1 mark)
C/\ " d 5 (1 mark)
B13°C | /O e 16 (1 mark)
C\/ c> 2 Structure and bonding
¢ Boiling, melting, and sublimation 2.1

Particles (molecules) of hydrogen sulfide and sulfur dioxide diffuse
through the particles (molecules) of air in the long tube. Where they
meet, they collide and react with each other to form the yellow
powder.

Diffusion

¢ Because the particles (molecules) of sulfur dioxide travel down the
tube/diffuse more slowly than the particles (molecules) of hydrogen
sulfide (showing sulfur dioxide molecules have a greater mass than
hydrogen sulfide molecules).

1 a Covalent bond
b lonic bond

2 The atoms of Group 1 lose their single electron in the outermost shell
(highest energy level) by transferring it to a Group 7 atom, which has seven
electrons in the outermost shell (highest energy level). The atoms become
ions which have the stable electronic arrangements of a noble gas.

2,8 for the Al** ion (3 electrons lost)

b 2.8 for the F-ion (1 electron gained)

c 2,8,8 forthe K ion (1 electron lost)

d

=3

W
-]

d Along tube showing a jagged, random path )
e The yellow powder would appear sooner because the molecules of 2,8 for 0% (2 electrons gained)
gas move faster at higher temperatures. 29
3 a )I?;?‘rgrl‘nfg—alqmd, Caesium - solid, Fluorine - gas, Strontium - solid, 1 A Aom Eochonie on Eledronic_
b Caesium number structure of atom structure of ion
¢ The two gases have much lower densities because they have large 9 F 2,7 F 2.8
spaces between their particles, unlike the solids and liquid whose 3 Li 2,1 Li+ 2
particles are touching (so many more particles fit into the same
volume compared with the gases). 16 S 288 s 2,88
d Bromine — Br, Caesium — Cs, Fluorine — F, Strontium — Sr, Xenon - Xe 20 Ca 2,882 Ca?* 2,88
9 g:omlpe nom-malal, Gaeelum —metal, Flucrioe = oa-metdl 2 Metal atoms lose electrons when they form ions ({therefore their ions
Entiom 7 Mt 9non. - o] have more positively-ch tons than negatively-charged elect
4 ‘4 i Protonsand neitrons positively-charged protons than negatively-charged electrons)

resulting in positively-charged ions. Non-metal atoms gain electrons when
they form ions (therefore their ions have more negatively-charged electrons
than positively-charged protons) resulting in negatively-charged ions.

3 a Groups 1,2, and 3; the charge on their ions = (group number)+
b Groups 5, 6, and 7; the charge on their ions = (8 - group number)-

4 a In KBrthe 1-charge on the Br ion is cancelled out by the 1+ charge on

ii 2 electrons in the first shell and 8 in the second
b i Itis neutral because the number of protons (+) and electrons (- is
the same in an atom so the charges cancel out.
ii Atomic number is the number of protons.
Mass number is the number of protons plus neutrons.

5 Non-metal Moble gases, 0 : p
a :i M(;?allf:e :i H:Iiue:ng ArginGT()rl;rzton Xenon. Radon K* ion whereas two K' ions are needed to cancel out the 2- charge on
= 1 ! ! ! O ion.
iii 10 protons vii 2,8 an &K
. P b In MgO the 2- charge on the O* ion is cancelled out by the 2+ charge
10 t The: stabl nts of elect .
b :v 88 PR L ] G LS e B on Mg?* ion whereas two Cl- ions are needed to cancel out the 2+

ii 2 electrons because it is in Group 2 charge on an Mg* ion.
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1 Hydrogen iodide, sulfur dioxide, and nitrogen(in) chloride because these
contain only non-metallic elements.
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4 Hydrogen attains the electronic structure of helium.
Chlorine attains the electronic structure of argon.

5 The electrostatic attraction between the bonding pair of negatively
charged electrans for each of the positively charged nuclei on either side
of the pair hold the atoms together.

2.4
1 The particles are arranged in regular patterns.
2 a Because the metal atoms donate their outer shell electrons into a
‘sea’ of electrons so have more protons (+) than electrons ().
b Electrons that are free-moving within a structure and are no longer
associated with any particular atom.

M
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Magnesium atoms have two electrons in their outer shell (highest energy
level). These are donated into the ‘sea’ of delocalised electrons which
are free to move around. The electrostatic attraction of the negatively
charged delocalised electrons for the positively charged Mg ions bonds
the ions in the giant metallic lattice.

The ‘glue’ model can help us imagine the positively charged metal ions
being stuck in position in the giant lattice but a glue itself becomes solid
when it sets so is not helpful in visualising the fluid movement of the
delocalised electrons throughout the structure.

2.5

There are strong electrostatic forces of attraction between the oppositely
charged ions in the giant lattice, acting in all directions, which result in a
lot of energy being required to separate the ions in the process of melting.
The ions in the solid are fixed in position and are only free to move (and
carry their charge to electrodes) when they are molten or dissolved in water.
There is a higher concentration of ions from the dissolved salts in
seawater than there are in freshwater.

Positive electrode — chloride ions, bromide ions, oxide ions, iodide ions
Negative electrode - lithium ions, calcium ions, sodium ions, zinc ions,
barium ions

Aluminium oxide because it contains 3+ ions as opposed to the 1+

ions in sodium oxide so you can expect stronger electrostatic forces of
attraction between the metal ions and the oxide ions (the smaller size of
the aluminium ions also contributes towards this).

2.6

Forces of attraction between molecules

Oxygen

Chlorine

Hydrogen sulfide; hydrogen; sulfur

It has a giant covalent structure with strong covalent bonds holding
the atoms strongly into the regular giant lattices.

Nitrogen gas has a very strong ftriple covalent bond between its nitrogen
atoms within each N, molecule but only very weak forces of attraction
between the N, molecules/weak intermolecular forces between N,
molecules. Therefore molecules easily separated from each other.

Good electrical insulator/does not conduct electricity as there is no
overall charge on its molecules.

There are only weak intermolecular forces between HCI molecules whereas
in the giant ionic lattice of sodium chloride, very strong ionic bonds are
present, which formn strong electrostatic forces of attraction in all directions.

[ I 2 B = ]
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2.7

1
2

3

a Diamond, graphite, fullerenes

b Allotropes

Very high melting point and boiling point, hard, insoluble in water,

electrical insulator

a Delivering drugs to parts of the body where they are needed

b The shape of the C,, molecule was similar to a building in Montreal
designed by the architect Buckminster Fuller in 1967 .

The layers of graphite atoms have weak forces between them so can slip

and slide over each other to act as a lubricant.

The carbon atoms in graphite’s layers are arranged in hexagons, with

each carbon atom forming three strong covalent bonds to its nearest

neighbours. As carbon atoms have four electrons in their outer shell

available for bonding, this leaves one spare outer electron on each carbon

atom. This electron is free to move along the layers of carbon atoms. So

these free-moving delocalised electrons can drift along the layers enabling

graphite to conduct electricity. In diamond all the outer shell electrons are

involved in covalent bonding so there are no free electrons.

2.8

1

a Because the layers of atoms (positively charged ions) can slide over
each other relatively easily
b i Malleable
ii Ductile
a The differently sized atoms inserted into the regular arrangement of
metal atoms (positively charged ions) is disrupted, making it more
difficult for the layers to slip past each other.
b A mixture of metals that once deformed will revert to its original shape
at a certain temperature
Nitinol can apply a force to the teeth once it is warmed up in the mouth
as it changes to its original shape whereas a traditional metal must be
adjusted manually to change the force applied to the teeth.
They conduct electricity because the ‘sea’ of delocalised electrons can
drift through the metal’s giant structure because they are free-moving.
They conduct heat because the free-moving delocalised electrons gain
energy when heated and can move around more quickly within the metal,
spreading the energy through the metal quickly.

2.9

1
2

The study of particles between 1 and 200nm in size
As an antibactericide in fridges and in sprays in operating theatres

_—
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They have a large surface area to volume ratio.
Explosions caused by sparks/particles escaping into the air or
dangers of being breathed in.
In sun-screens to block ultraviolet light and in face creams to deliver
active ingredients deeper beneath the surface of the skin
b Delivering drugs to the tumour itself inside the body or being
absorbed by tumours and then absorbing energy from lasers to
damage the tumour by affecting its proteins
5 Student's views expressed in a balanced argument.

oo

Answers to end of chapter summary questions

1 a1 d 6
b 2 e 4
c 7
2= Giant covalent Giant ionic Simple molecules
silicon dioxide magnesium oxide ammonia
graphite lithium chloride hydrogen bromide

b Ammonia, and hydrogen bromide
¢ Graphite because although it has a giant covalent structure it does
conduct electricity

\ ¥

alke)

3 a Hydrogen iodide, chlorine(vil) oxide, phosphorus(v) fluoride
b They contain only non-metallic elements.
¢ lonic bonding
d i HI ii CaBr,
4 chloride, | oxide, | sulfate, | phosphate(v),
Ck o S0 > PO >
potassium, K+ KCI K0 K. S0, K,PO,
magnesium Mg* | MgCl, MgO MgSO, Mg,(PO,),
iron{n), FeCl, Fe,0, |Fe,(S0,), |FePO,

[ao0

Answers to end of chapter practice questions

1 a Electrons transfer (1 mark)
From lithium to oxygen {1 mark)
Each lithium atoms loses one electron, each oxygen atom gains

two electrons. (1 mark)

b Li* (1 mark)
o> (1 mark)

¢ lons attract each other strongly. (1 mark)
Many bonds need to be broken. (1 mark)

d lons cannot move when solid. {1 mark)
lons move to the electrodes when molten. (1 mark)

2 a Diagram showing two electrons between H and F {1 mark)
Six more electrons in outer shell of F (1 mark)

b Covalent (1 mark)

¢ Attractions between molecules are weak. (1 mark)
Easily overcome/need little energy to break (1 mark)

d H-Br (1 mark)

3 a Covalent bonds {1 mark)
Many/strong bonds (1 mark)

Hard to overcome/need a lot of energy to break {1 mark)

b Mo ions {1 mark)

No electrons free to move (1 mark)

4 a Carbon (1 mark)
In hexagonal rings {1 mark)

b Indrug delivery (1 mark)

(4]

¢ 1-200 nanometres (1 mark)
d High surface area to volume ratio (1 mark)
a 1 Atoms/ionsin layers {1 mark)
Layers slide (1 mark)

ii Delocalised/free electrons (1 mark)
Mowve {1 mark)

b i Alloy (1 mark)
ii Atoms of other metals are different in size (1 mark)
Make it harder for layers of copper atoms to slide {1 mark)

3 The periodic table

3.1

1

(S0 ]

E-S

a Repeated at regular intervals
b i A vertical column of elements
ii A horizontal row of elements
There are many more metals.
They have the same number of electrons in the highest energy level
(outermost shell).
a 2 b 3 c 1
e © f 2 g 8
Because of their very stable electron arrangements

d 2
h 7

3.2

W M=

-y

To keep them out of contact with air/foxygen and water vapour
The melting point decreases with increasing atomic number/going down
the group.
They all have one electron in their outermost shell (highest energy level)
which they lose when forming ions.
The metal would explode on contact with water as hydrogen gas is
liberated very quickly. The alkali metals get more reactive going down
the group so caesium, being near the bottom of Group 1, is extremely
reactive. (Alkaline caesium hydroxide would also be formed in the
reaction.)

caesium + water — caesium hydroxide + hydrogen

2Cs(s) + 2H,0() — 2Cs0OH(aq) + H,g

a 2Cs(g) + L,(g) — 2Csl(s) b 2Cs(s) + Br,(g) — 2CsBr(s)

a They are good conductors of electricity and heat, are hard and strong,
have high densities, and have high melting points.

b Mercury has a lower than expected melting point.

a Iron(n) chloride
Chromium(m) oxide

Coppar(l) oxide, Cu,0 and copper(n) oxide, CuO

Vanadium(v) oxide, V,0,

3.4

w

F-Y

]

Their melting points increase.
Their reactivity decreases.
Fluorine - gas; Chlorine — gas; Bromine - liquid; lodine - salid
The halogens
- —

L oTLoo

¢

a Lithium + bromine — lithium bromide

b Bromine water + potassium iodide — potassium bromide + iodine
solution

a 2Na(s) + L(g) — 2Nalfs)

b Cl,(aq) + 2Nalfag) — 2NaCl(aq) + L(aq)

3.5

Helium - despite the fact that it has the smallest positive charge on its
nucleus, its outer electrons are nearest to the nucleus and have no inner
shells of electrons shielding them from the nuclear charge.

The electron in the outermost shell in potassium is attracted less strongly to
the positive nucleus than in lithium. The attraction is weaker in potassium
because the distance between the outer electron and the nucleus is
greater. As well as that, the outer electron in potassium experiences a
greater shielding effect from more inner shells of electrons, making it easier
for potassium to lose its outer electron than it is for lithium.

Going down the group, the outermost shell gets further away from the
attractive force of the nucleus so it is harder for a bromine atom to gain
an electron. The outer shell in bromine will also be shielded by more
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inner electrons, again reducing the attraction of the nucleus for an
electron so bromine is less reactive than fluorine.

4 a

Ca is more reactive than Mg - the Group 2 elements get more reactive
going down the group, as their atoms react by losing their two outer
shell electrons, which get easier to lose because of the increasing
distance between the nucleus and the outer electrons and the greater
shielding effect in Ca compared with Mg.

Group 6 non-metals get less reactive going down the group, as their
atoms can react by gaining two electrons, and this is more difficult for
sulfur atoms than for oxygen atoms, as sulfur’'s outer shell is further from
the attractive force of its nucleus and is shielded by more inner electrons.

Answers to end of chapter summary questions

1 a

b

a
b

i Group7
ii Group 0

iii. Group 1

iv Between Groups 2and 3

i Transition elements iii Group O/noble gases

ii Group 1/alkali metals iv Group 7/halogens

Seven electrons as it is in Group 7.

Solid

i lonic

ii White

iii NaAt

iv. 2Na + At, — 2NaAt

v Yes, because chlorine is more reactive than astatine so would
displace it from solution as the element.

i Soft iii Low melting point

ii Good electrical conductivity

i 1+

il Rubidium compound Chemical formula
Rubidium iodide RbI
Rubidium fluoride RbF
Rubidium hydroxide RbOH

iii White; they will all dissolve in water.

i 2Rb(s) + 2H,0() — 2RbOH(aq) + H,(g)

i 2Rb(s) + Cl,(g) — 2RbCl(s)

Rubidium will react more vigorously than potassium because it can
lose its outer electron more easily as it is further from the nucleus than
potassium’s outer electron and it is shielded from the nuclear charge
by one mare inner shell of electrons than potassium.

e e
CONE]
=

Li x & of)

g

i Copper(n) sulfate is blue and sodium sulfate is white.
ii Copper can form more than one type of ion (2+ or 1+ ion)

whereas sodium can only form a 1+ ion.
Copper will have a much higher melting point, greater hardness, and
higher density than sodium.
Sodium is much more reactive than copper. For example, sodium reacts
vigorously with water, giving off hydrogen gas and forming an alkaline
solution of sodium hydroxide whereas copper does not react with water.

Answers to end of chapter practice questions

1 a
b

_—

Melting peint/boiling point/density (any two of) (2 marks)
i Fizzing/bubbles/effervescence

Metal floats or moves on the surface

Metal gets smaller or disappears

(any two) {2 marks)
ii Potassium melts. {1 mark)

Flame {1 mark)
iii Blue (1 mark)

Alkali present/OH- ions formed. {1 mark)
iv 2K+2H,0 — 2KOH + H,

Four correct formulae (1 mark)

Balancing {1 mark)
Potassium loses an electron further away from nucleus. {1 mark)
Lost electron less strongly attracted to nucleus. (1 mark)
Lost electron repelled/shielded by more inner electrons. (1 mark)

2 a Fe* (1 mark)
Fe* (1 mark)
b Fe(OH), is green. {1 mark}
Fe(OH), is brown. (1 mark)
¢ i Valency/charge on the ion (1 mark)
ii Catalysts {1 mark)

3 a Ca+Cl,— CaCl,
Three correct formulae (1 mark}
Balancing {1 mark)
b i Mo reaction {1 mark)
ii Sodium chloride + bromine (1 mark)
iii Potassium bromide + iodine (1 mark)
¢ Electron gained by fluorine gets closer to nucleus. {1 mark)
Gained electron more strongly attracted to nucleus. (1 mark}
Gained electron repelled/shielded by fewer inner electrons. (1 mark)

4.1
1 a Good conductors of heat and electricity; high melting points, strong;
high density
b The central block between Groups 2 and 3
¢ Aluminium
2 a |Itis very unreactive and is malleable.
b To make gold more hard-wearing

3 The silver and gold would be too expensive to use (except in small
amounts in specialist uses).

4 They are ‘light-weight’ alloys due to the low density of aluminium, so
more passengers and/or cargo can be carried on the aircraft; and the
alloying makes them strong enough to withstand the high stresses put on
an aeroplane in flight.

5 The copper alloys are harder-wearing so won't be worn away as quickly
as softer coins made from pure copper. In alloying copper, differently-
sized atoms of other metals are introduced into the regular layers of
copper atoms, distorting the layers and making it more difficult for them
to slide over each other.

4.2

1 a Itcontains too much carbon.

b Cast iron contains about 4% carbon whereas pure iron contains only
iron. This makes cast iron very hard and brittle as opposed to pure
iron which is relatively soft and malleable.

¢ For example, man-hole covers

Haematite (iron ore/iron(m) oxide); coke (carbon); limestone (calcium

carbonate); air

b Carbon monoxide
CO,(g) + C{s) — 2CO(g)

c lron{m) oxide + carbon — iron + carbon dioxide

2Fe,0.(s) + 3C(g) — 4Fe(l) + 3CO0,(g)

d Asa gas, carbon monoxide can diffuse throughout the blast furnace
and come into contact with lots of iron(m) oxide, as opposed to solid
carbon which can only react with iron(in) oxide it is directly in contact
with.

3 Type of steel
Low carbon steel

Main useful properties

Relatively soft and malleable

High carbon steel Hard/strong

Chromium-nickel steel Corrosion resistant

They will not rust so are easier to sterilise and stay sharp.
b i Low carbon steel as it can be stamped into shapes
ii High carbon steel as it is very strong and hard

lithium + water — lithium hydroxide + hydrogen
2Li(s) + 2H,0() — 2LiOH(aq) + H,lg)
b zinc + steam — zinc oxide + hydrogen
Zn(s) + H,0(g) = ZnO(s) + H,(qg)
Gas given off/fizzing; magnesium gets smaller and smaller then
disappears; heat energy released/gets hot.
b metal + an acid — a salt + hydrogen
¢ magnesium + sulfuric acid — magnesium sulfate + hydrogen
Maf(s) + H,80,(aq) — MgSQ0,(aq) + H,g)
a Because they are so unreactive they don't react with water at all.
b Because they are so reactive they will react with water vapour (and
oxygen) in the air.
¢ Zinc will react with acidic foods whereas tin will not at room temperature.
4 Aluminium is protected by a tough/impervious layer of aluminium oxide.
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4.4
1 a No reaction

b Zn(s) + CuSO,(aq) - ZnSO (aqg) + Cu(s)

¢ Mgl(s) + FeCl,(aq) — MgCl,(aq) + Fe(s)

2 a Tungsten is below hydrogen in the reactivity series.

b WO,+3H,— W+3H,0

3 a Zn(s)+ Fe*(ag) — Zn*(aq) + Fe(s)

b Zinc atoms lose two electrons to form zinc(n) ions. Zinc atoms have
been oxidised as oxidation is the loss of electrons. Iron(11) ions are
reduced as they form iron atoms when they gain two electrons from
zinc {and reduction is the gain of electrons).

4.5
1 a metal carbonate + acid — a salt + water + carbon dioxide
b

o aw

metal carbonateh;.ag metal oxide + carbon dioxide
sodium carbonate + hydrochloric acid — sodium chloride + water +
carbon dioxide
Na,CO,(s) + 2HCl{aqg) — 2NaCl(aq) + H,0(l) + CO,(g)
CuCO,(s) — CuOfs) + CO,(g)
CuCO,(s) + 2HNQ,(aq) — Cu(NO,),(aq) + H,O() + CO,(g)
Limewater is a solution of alkaline calcium hydroxide. Carbon dioxide
is a weakly acidic gas so it reacts with the alkaline limewater, forming
a suspension of solid particles of insoluble calcium carbonate which
precipitates out of solution making it cloudy.
The reaction is:
calcium hydroxide + carbon dioxide — calcium carbonate + water
(limewater) (an insoluble white
precipitate)
Ca(0OH),(aq) + CO,la) — CaCO,(s) + H,0()

Answers to end of chapter summary questions

1

a Vigorous reaction, metal changes to metal oxide.
X + steam — X oxide + hydrogen
X(s) + HOlg) = XOfs) + H,lg)
b Fizzes readily, X gets smaller and eventually dissolves away
completely into the acid.
X+ sulfuric acid — X sulfate + hydrogen
Xs) + H,80,(ag) — XSO faqg) + H,g)
¢ Because we do not know how much less reactive than calcium and
more reactive than magnesium X is, so bubbles of hydrogen may be
given off too slowly to be seen immediately or they might be liberated
slowly on contact with water.

d i Youwould expect the more reactive metal X to displace the less
reactive copper from solution - so the solution will lose its blue
colour, X will dissolve into solution, and copper metal will be
deposited as a brown solid.

X(s) + Cu(NO,),(ag) — X(NO,),(aq) + Cu(s)
i X(s)+ Cu**(ag) — X*(aq) + Cu(s)

iii X(s) — X*(aq) + 2e- X atoms lose two electrons so they
are oxidised

Cu**(aq) + 2e~ — Cu(s) Cu?*ions gain two electrons so they
are reduced.

e i Justabove copper
ii No change/no reaction as Y is less reactive than magnesium so
cannot displace it from a solution of one of its compounds.
a zinc + copper(n) oxide — zinc oxide + copper
Zn(s) + CuOis) — ZnO(s) + Cu(s)
b lIron+ zinc nitrate will not react.
¢ lron + magnesium oxide will not react.
d Magnesium + copper(n) sulfate will react.
Mg(s) + CuSQ faq) — MgSO,(aq) + Cu(s)
a i aluminium + iron{n) oxide — aluminium oxide + iron
2Al1 + Fe,O, — ALO, + 2Fe
ii Displacement/redox reaction
b Aluminium and copper(i1) oxide would react more vigorously than
aluminium and iron(m) oxide.

¢ No change/no reaction

d You would expect it to react in air, water, and acid more readily than
it does so you would not expect it to be used outdoors or for drinks
cans.

a Gold d Copper

b Chromium e Magnesium

¢  Aluminium

Answers to end of chapter practice questions

1

a i Concentration/temperature/volume (any two of) {2 marks)
ii Surface area {1 mark)
b i Magnesium (1 mark)
ii X has the same observation. (1 mark)

c Timer (1 mark)
Gas syringe/measuring cylinder/boiling tube (1 mark)
2 a Zn+CuSO,— ZnSO, +Cu
Reactants (1 mark)
Products (1 mark)
b Fe+Cu® = Fe* + Cu (1 mark)
¢ i Reduction and oxidation occur. (1 mark)
ii Iron is oxidised (1 mark)
Because it loses electrons {1 mark)
5 Electrolysis
51
1 a The breakdown of a compound by electricity
b Electrolyte
¢ lonic
2 Cathode (-) Anode (+
a zinc iodine
b lithium bromine
c iron fluorine
d sodium oxygen
e potassium chlorine

3 2NaCl{l) — 2Na(l) + Cl,(g)

4 a CuCl(aqg) and AgNO,(aq)

b Copper and silver are below hydrogen in the reactivity series.

5 In the solid, the ions are in fixed positions in the giant ionic lattice; but
when molten or in agueous solution the ions are free to move around
within the liquid and can carry their charge to the oppositely charged
electrode.

5.2
1 a i Theyloseelectrons. ii Oxidation
b i They gain electrons. ii Reduction
2 Cathode Anode
a lithium oxygen
b copper chlorine
c hydrogen oxygen
3 a 20> Cl, +2e e K+e—=K
b 2Br — Br, +2e f 2H +2e —H,
c Mg +2e — Mg g 20* - 0,+4de
d APF +3e = Al h 40H - 0,+2H,0 +4e
53

1 a Because in solid aluminium oxide the ions are fixed in positionin the
giant lattice so can only move to electrodes if molten when they are
free to move around within the liquid.

b To lower the melting point of aluminium oxide and save energy.

2 Oxygen is produced at the hot carbon anodes and reacts with the carbon to

produce carbon dioxide gas, in effect gradually burning away the anodes.

3 a Cathode: AI*(l) + 3~ — Al()

Anode: 20*()) — O,(g) + 4e

b Oxide ions are oxidised as they lose electrons and aluminium ions are
reduced as they gain electrons.

4 a Lots of energy is needed to purify the aluminium oxide which involves
heating to decompose aluminium hydroxide formed in the process;
melting the aluminium oxide/cryolite mixture; electrical energy in the
electrolytic cells.

b Aluminium in nature is combined/bonded to other elements in
compounds that are difficult to break down. It was not until scientists
could use electrical cells to pass electricity through substances that
aluminium could be extracted from one of its molten compounds by
electrolysis.

5.4

1 a Chlorine, hydrogen, and sodium hydroxide solution
b Chlorine is used to make bleach and plastics;

hydrogen is used to make margarine;

sodium hydroxide is used to make bleach, paper, and soap.

At anode: 2Cl-{aq) — Cl,(g) + 2e

b At cathode: 2H'(aq) + 2e— H,(g)

Molten sodium chloride will produce sodium metal and chlorine,

whereas sodium chloride solution produces chlorine, hydrogen, and

sodium hydroxide solution.

b The difference at the cathode in aqueous solution is caused by the
presence of H(aq) ions from the ionisation of water, so hydrogen is
produced and not sodium as with molten sodium chloride.

Sodium hydroxide solution is formed from the excess aqueous
sodium ions and hydroxide ions left in solution when agueous
hydrogen and chloride ions are discharged.

]
]

w
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5.5 Answers to end of chapter practice questions
1 Nickel, chromium, silver, gold, tin, zinc, copper (any four)

To protect from corr(?sion; tq improve appearance; to increase durability; 1w QBéor—mE?;r 4 %e (Fmag
to save money by using a thin layer of a precious metal Both form2ulae correct (1 mark)
3 a Atthe anode/positive electrode :
b Aqueous zinc ions, Zr*+(aq) Balancing ¢f roarks
" a ey q b Lead (1 mark)
Pb* +2e- - Pb
Both formulae correct {1 mark)
Balancing {1 mark)
¢ Electrons move. (1 mark)
Copper anode d lons cannot move when solid/ions move when molten. (1 mark)
Steel ball e lons gain electrons. (1 mark)
cathode a H (1 mark)
b 40H —2H,0+0, + 4e”
Copper sulfate All formulae correct (1 mark)
solution Balancing {1 mark)
5 a Ni*(aqg) + 2e — Ni(s) b Cr*(ag) +3e — Cr(g) ¢ Sulfate/SO,* (1 mark)
d It increases. {1 mark)
5.6 e It takes twice as many electrons to discharge the same volume
of oxygen compared with hydrogen/same number of electrons
1 At the cathode At the anode dischyari?ges twic?e the volur:g O?EI" ions as OH- ions, e.g.,
With copper | copper electrode becomes | copper electrode 2 moles of electrons give 1 mole of H, but only 0.5 mole of O,. (1 mark)
electrodes | thicker/gains mass becomes thinner/loses a Hydrogen less reactive/sodium more reactive (1 mark)
mass b Greater concentration of Cl-ions {1 mark)
With carbon | copper deposited bubbles of (oxygen) gas ¢ Sodium hydroxide (1 mark)
electrodes |on surface of carbon given off d i Fuel/making margarine (1 mark)
electrode ii Bleach/making plastics {1 mark)
a i Nickel for the anode and copper spoon for the cathode (1 mark)
2 With copper electrodes, the copper anode undergoes a chemical reaction ii Mickel chloride/nitrate/sulfate (1 mark)
turning into copper(1) ions so is known as ‘active’, whereas the carbon iii Ni — N+ 2e (1 mark)
electrodes just carry electrons to and from the electrolyte and do not b Appearance/durability {1 mark}
undergo any chemical change themselves so are known as ‘inert’(meaning ¢ Graphite conducts electricity/plastic does not conduct
unreactive). electricity (1 mark)

3

a At the cathode: Cu*(aq) + 2e- — Cu(s)
At the anode: Cu(s) — Cu*(aqg) + 2e

b Reduction occurs at the cathode as copper(n) ions gain electrons.
Oxidation occurs at the anode as copper atoms lose electrons.

Answers to end of chapter summary questions

0 marks No relevant content

Level 1 (1-2 marks) There is a brief description of the electrolysis of
aluminium oxide.

Level 2 (3-4 marks) There is some description of the electrolysis of
aluminium oxide.

Level 3 (5-6 marks) There is a clear, balanced, and detailed description
of the electrolysis of aluminium oxide.

1a8B d A Examples of chemistry points made in the response:
b A e B + aluminium oxide is melted/made liguid
¢ B e ; ; 1 A * cryolite is used as a solvent/to decrease the amount of energy or
2 a Anode: iodide, fluoride, oxide, bromide electricity used
_Cathode: potassium, calcium, n:l_agnesium, aluminium = carbon/graphite used as the positive electrode
b i Mg*+2e — Mg i 2Br — B_r2 +2eor « aluminium ions are attracted to the negative electrode
. =B i 20— Brz, ) * at the negative electrode aluminium is formed or aluminium ions gain
3 a A=chlorine, B = hydrogen, and C = sodium hydroxide solution alactichs
b For example, making bleach and plastics, sterilising water « oxide ions are attracted to the positive electrode
¢ 1.1_14 ; p i 2 s oxygen is formed at the positive electrode or oxide ions lose electrons
d Lighted 5p'|_| burns witlya pc:p_) : o _ = the oxygen reacts with carbon to make carbon dioxide or carbon
e Anode: 2Ct{aq) — Cl,(g) + 26-or 2CfHaq) - 26" Cl,(g) dioxide formed at positive electrode
Cathode: 2H*(aq) + 2e"— H,(g) o AP+ 3a-— Al
4 a 2H,0() — 2H,(g +O,(g) . 20% >0+ de
b H,O() = H'(ag) + OH(aq) £
¢ Anode: 4OH‘(Eiq} = 2H,0() + O,(g) + 4e”
Cathode: 2H*(aq) + 2e~— H.(g) H H
d Electrical supplyfbatteryfceﬂfpcwer pack 6 Chemical Analyms
5 a Lit+e =L
b St +2e — Sr 6.1
¢ 2F - F,+2eor2F -2e > F, 1 A mixture is made up of two or more elements or compounds which are
d 20> - 0O,+4e0r20* -4e— 0, not chemically combined together.
6 Description to include: 2 The relative proportions of each substance/component of the mixture can
Diagram of circuit with tin anode, iron cathode, and tin() nitrate solution be in any ratio (it is not fixed as in a compound).
At anode: oxidation i.e., loss of electrons; Sn— Sn**+ 2e or Sn—2e —Sn** 3 a Fractional
At cathode: reduction i.e., gain of electrons; Sn*+2e-— Sn Thermometer . sillation
7 a Beaker A - copper deposited on cathode (negative electrode); Water out

copperi(n) ions released from anode (positive electrode).
Beaker B — copper deposited on cathode (negative electrode); oxygen
gas given off at anode (positive electrode).

b Beaker A - at the cathode: Cu* + 2 — Cu;
at the anode: Cu — Cu? + 2e-
Beaker B - at the cathode: Cu** + 2e — Cu;
at the anode: 40H — H,0 + O, + de-

¢ Beaker A — when the copper anode is worn away completely and all
the copper(n1) ions in solution are converted to copper at the cathode
Beaker B — when all the copper(n) ions have been removed from
solution/deposited as copper atoms at the cathode

Fractionating
calumn

Condenser

Water in

Mixture
of ethanol
and water

Ethanal
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b At 78 °C/the boiling point of ethanol, much of the water vapour rising
up the fractionating column would condense and return to the heated
flask instead of entering the condenser to be collected with the
ethanol.

4 Method A - Add water to the mixture, stir, and filter. Sulfur residue will be
left on the filter paper. Wash with distilled water and leave sulfur to dry.
Evaporate water from the filtrate of sodium nitrate solution on a water
bath until the point of crystallization. Then leave the saturated solution to
crystallise.

Method B - Add xylene to the mixture, stir, and filter. Sodium nitrate

residue will be left on the filter paper. Wash with xylene and leave sodium

nitrate to dry. Evaporate xylene from the filtrate of sulfur solution using
water bath (electrically heated/no naked flame) in a fume cupboard to
crystallise.

6.2

1 Allow the paper to dry and measure the distance from the pencil line to
the solvent front and to each dye left on the paper. Divide the distance
each dye moved by the distance of the solvent front to get the R, values,
then match the values against tables of data to identify the dyes.

2 077

3 The solubility of Z in the solvent is greater than the solubility of ¥ in the
same solvent. To identify Y and Z, their R, values are matched against
values of known substances in the 50-50 water—ethanol solvent at 20°C
in a database or databook.

4 Because changing the solvent and the ternperature both affect the
attraction of the compound to the solvent (mobile phase) and paper
(stationary phase)/its solubility in the solvent/its distribution between the
mobile phase and the stationary phase, so the distance the spot travels
along the paper will differ under different conditions, resulting in different
A, values.

6.3

1 The hydrogen reacts with the oxygen gas in the air to form steam/
water, transferring energy to the surroundings in an exothermic reaction,
warming them up and making the popping sound.

2 a magnesium carbonate + hydrochloric acid — magnesium chloride

+ water + carbon dioxide

b E.g., place the mouths of the two angled tubes together and wait a
while, giving time for the carbon dioxide to build up in the reaction
tube before spilling over and sinking down into the tube with the
limewater. Stopper this tube and shake the limewater. Alternatively,
place a dropping pipette into the reaction tube above the acid and
withdraw the carbon dioxide building up in the tube. Squirt this into
the limewater. Repeat a few times.

3 Collect the gas given off above the anode in a small test tube and insert
a glowing splint to see if it re-lights. If it does, oxygen must be given off.
Then hold a damp piece of blue litmus paper above the solution near the
anode/in test tube of gas collected and see if it turns white/is bleached. If
it does, then chlorine gas is given off.

4 a i Mgfs) + H,S0,(aq) o MgSO,(aq) + H.,lg)

i Mg(s) + 2H'(aq) - Mg*(aq) +  Hylg)

b The magnesium is oxidised, as its atoms each lose two electrons;
and the hydrogen ions are reduced, as they each receive an electron
{before two bond together to make hydrogen molecules).

5 For example — Use zinc/magnesium + dilute acid to obtain different
proportions of hydrogen and air by collecting the gas over water,
starting with an inverted test tube full of water in order to collect 100%
hydrogen (make sure the first bubbles are allowed to escape, as this
will be displaced air from the apparatus). Stopper the tube and label it
100%. Then vary the proportions of water in the collection test tube. Invert
the test tube each time and collect a range of different proportions of
hydrogen to air mixtures. Measure the volume of water in a full tube using
a measuring cylinder. Then measure and mark different proportions of
that total volume on the side of four more different tubes to give the rough
proportion of hydrogen in the mixture. Then test each tube in turn with a
lighted splint positioned at a set distance from a sound meter. Record the
maximum sound level for each mixture.

6.4
1 a White
b Add sodium hydroxide solution - all will form a white precipitate
but the aluminium hydroxide precipitate formed would dissolve in
excess sodium hydroxide solution (Al identified). Take the original
magnesium and calcium compounds and carry out a flame test - the
calcium ions will produce a brick red flame (Ca?* identified) and the
rmagnesium ions will not colour the flame (so Mg** identified).
¢ Mg*(aqg) + 20H (ag) — Mg(OH),(s)
Dip a wire loop in concentrated hydrochloric acid and heat to clean
it — dip the loop into conc. acid again before dipping in the metal
compound to be tested — hold the loop in the edge of a roaring
Bunsen flame — match the colour of the flame to the known flame
test colours of metal ions.

[ 2 = W2 B - - I -

6.5

(Apple) green flame

brown precipitate f Kt
nothing observed (no change) g Ca*
nothing observed (no change) h AP
nothing observed (no change) i Fe*
yellow j Lif

1 Dilute hydrochloric acid, limewater, dilute nitric acid, silver nitrate solution,
barium chloride solution

2 Potassium iodide (potassium ions have a lilac flame test; and silver
iodide, a pale yellow precipitate, is formed with silver nitrate solution.)

3 a

4 a
b
c

magnesium silver magnesium silver
chloride nitrate nitrate chloride
MgCl (ag) + 2AgNO,(aq) — Mg(NO,,(aq) + 2AgCl(s)

potassium  hydrochloric  potassium carbon
carbonate acid ~ chioride * watar: + dioxide
K2CO.3(.S) + 2HCI(§q) — 2KC!(§q) + Hzo(l)l + CO,(g)
aluminium barium aluminium barium
sulfate chloride chloride sulfate

AlL(SO,),(aq) + 3BaCl,(ag) — 2AICl,(aq) + 3BaS0,(s)
Ag*(ag) + Br{ag) — AgBr(s)

Ba®(aq) + SO,*(aq) — BaS0,(s)

2H*(ag) + CO,*(s) — CO.(g) + H,O()

5 To dissolve the compound and to remove any carbonate ions as they
would also form a precipitate with the silver ions, interfering with the test.
Also, any other acids added would produce precipitates with silver nitrate
solution, e.g., sulfuric acid would make a precipitate of silver sulfate.

Answers to end of chapter summary questions

1 a
b
c

Nothing observed/dissolves. d (Brick) red flame
White precipitate forms. e Sodium iodide
White precipitate forms. f Copper{n) carbonate

2 Lithium sulfate

3 a

1]

b
c

Lilac flame test to identify potassium ions

Add nitric acid, then silver nitrate solution — a cream precipitate will
identify bromide ions.

KBr

lonic

Compounds have a fixed composition whereas mixtures do not (their
proportions vary). Compounds cannot be easily separated into their
elements/needing chemical reactions but mixtures can be separated
by physical means, as there are no chemical bonds between different
substances in a mixture.

i Crystallisation i (Simple) distillation

ii Filtration iv (Fractional) distillation

Pb(NO,),(aq) + 2Nalfaq) — PbL(s) + 2NaNO,(aq)

i Chlorine iv Ammonia

ii Hydrogen v Oxygen

iii Carbon dioxide

i Hydrogen, oxygen, carbon dioxide

ii Ammonia and chlorine are soluble in water.

i Hydrogen = 2; oxygen = 32; chlorine = 71; ammonia= 17;
carbon dioxide =44

ii Hydrogen and ammonia

R,0f X =08

R,ofY=0.2

X is more soluble/has stronger attraction to ethanol than Y.

Temperature

Answers to end of chapter practice questions

1 a

b

C

i Lilac {1 mark)
i K+ (1 mark)
i White precipitate (1 mark)
ii  Aluminium hydroxide (1 mark)
Too much added {1 mark)
So white precipitate dissolved (1 mark)
Add dilute hydrochloric acid (1 mark)
And barium chloride solution {1 mark)
White precipitate forms (1 mark)
i Carbon dioxide (1 mark)
ii Limewater {1 mark)

turns cloudy {1 mark)
i Silver chloride {1 mark)
ii Ag*+ Cl — AgCl

Reactants {1 mark)

Products (1 mark)
Sodium ions do not form a precipitate. (1 mark)
The two iron ions form a precipitate. {1 mark)

e —————
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The colour is not green or brown/colour is a mixture of green Answers to end of chapter summary questions
x5 Do (ma 2 Naoide
Difference in boiling point (1 mark) L :gtsr)aﬁsgﬁigd(aq) - NiSO,(aq) + H,0()
Y I[:)Iilft;::;?ge in solubility g g:gﬂ b Add excess nickel(n) oxide to warm sulfuric acid and filter off the
¢ (Paper) chromatography (1 mark) excess solid. Then heat tlhe nickgl(l 1) sulfate alolutlionlin an evaporating
Difference in solubility in solvent/R, values (1 mark) dish on a water bath until the point of crystallisation is reached. Stop

4 0 marks Mo relevant content
Level 1 (1-2 marks) There is a brief description of how to do the
chromatography experiment
Level 2 (3—4 marks) There is some description of how to do the
chromatography experiment.
Level 3 (5-6 marks) There is a clear, balanced, and detailed description
of how to do the chromatography experiment.
Examples of chemistry points made in the response:
* use chromatography paper

draw pencil line near the bottom

place drops of the drink and colours on the line

pour some water into a large beaker or tank

place the paper in the tank

with the spots of colour above the water level

fit the tank with a lid

leave until the water reaches almost to the top

leave to dry

7 Acids, bases, and salts

1
1 a An alkali is a base that dissolves in water.
b They dissolve in water to produce hydroxide ions.
c water
KOH({s) —— K*aqg) + OH-{aqg)
2 a H'(ag)ions
b water
Hi(g) — He(aq) + Iaq)
3 Distilled water pH 7; sodium hydroxide solution pH above 7, e.g., 14;
ethanoic acid pH below 7, e.g., 4
4 A pH sensor and datalogger would be more accurate as the matching of
colours against a pH chart by eye is subjective and difficult to judge. A
pH sensor is more likely to produce more repeatable measurements over
a narrower range than using universal indicator paper.

7.2

1 a acid+abase — a salt + water
b acid + a metal — a salt + hydrogen

2 Copper sulfate solution is heated in an evaporating dish on a water bath.
Some of the water is evaporated off from the copper sulfate solution
until the point of crystallisation when crystals appear at the edge of the
solution. The copper sulfate solution is then left at room temperature for
the remaining water to evaporate off slowly, leaving crystals in the dish.

3 a Copper metal does not react with dilute acid.

b Potassium metal is so reactive it will explode in dilute acid.
4 a Mg(s) + 2HCl(ag) — MgCl,(aq) + H,(g)

b Li,O(s) + H,S0,(aq) — Li,SO (aq) + H,0()
7.3
1 a acid +alkali > asalt + water b H{ag) + OH-{ag) — H,O()
2 a Ammonium nitrate

b Itis used as a fertiliser to provide plants with nitrogen.

¢ NH,OH + HNQ, — NH NO, + H,0 or NH,+ HNO, — NH,NO,

3 LiOH(aq) + HCl(ag) — LiCl(aq) + H,O(l)

Add a known volume of dilute hydrochloric acid (e.g., from a burette) to a
measured volume of lithium hydroxide solution which has a few drops of
an indicator added (e.g., methyl orange) until the indicator just changes
colour. Note how much acid is needed to neutralise a known volume of
lithium hydroxide solution. Repeat until consistent volumes of acid are
used. Then repeat without the indicator and evaporate off water from

the lithium chlorde solution by heating until the point of crystallisation

is reached. Then leave at room temperature for the rest of the water to
evaporate off.

4 a Add solutions of lead nitrate and, e.g., sodium chloride, filter, wash the
precipitate of lead chloride collected on the filter paper with distilled
water and leave in a warm oven or leave to dry at room temperature.

b For example: Pb(NO,),(aq) + 2NaCl{aqg) — PbCl,(s) + 2NaNO,(aq)
¢ lonic bonding

5 Add an alkali (e.g., sodium hydroxide or lime) and filter off the precipitate

of chromium(ni) hydroxide formed.

_

heating and allow the remaining water to evaporate from the solution
at room temperature to leave the crystals of nickel(n) sulfate.

a 2LiOH(aq) + H,S0 (aq) — Li,SO (aq) + 2H,0()
b Fe,0,(s) + BHNO,(aq) — 2Fe(NO,),(aq) + 3H,0()
¢ Zns) + 2HCl(aq) — ZnCl,(aq) + H,(g)
d Ba(NO,),(aq) + K,SO (aq) — BaSO (s} + 2KNO,(aq)
a CaCO,
b i CaCO,(s) +2HCl(ag) — CaCl,(aq) + H,0() + CO,(g)
i o~
Dilute -
hydrochloric .~ %
acid P
\ 4 Limewater
&7~ Calcium
carbonate

iii calcium hydroxide + carbon dioxide — calcium carbonate + water
Ca(OH),(aq) + CO,(g) — CaCO,(s) + H,0()
¢ i calcium carbonate — calcium oxide + carbon dioxide
CaCo,(s) —  CaO(s) + CO,(g)
ii Thermal decomposition
iii 5.5tonnes
iv Making cement; glass; extracting iron from its ore; building
material; raising pH of acidic soil or lakes

Answers to end of chapter practice questions

1

a Soluton1 pH=2
Solution2 pH=7

Solution3 pH=12 {1 mark)
b Universal indicator (1 mark)
It has more colours/it indicates pH values. (1 mark}
c Solution 4 {1 mark)
a i Magnesium chloride {1 mark)
Hydrogen (1 mark)
ii Zinc nitrate (1 mark)
Water {1 mark)
iii Copper(n) sulfate (1 mark)
Water + carbon dioxide (1 mark)
b Bubbles (1 mark)
¢ To make sure all the acid reacts {1 mark)
d i Magnesium chloride (1 mark)
ii Zinc oxide {1 mark}
iii Blue (1 mark)
e Evaporate some of the water (on a water bath). {1 mark)
Cool the liquid/heat to the point of crystallisation. (1 mark)
Filter off the crystals/then leave at room temperature. {1 mark)
Dry them on filter paper/until all water has evaporated. {1 mark}

a MgCl,(aq) + 2NaF(aq) — MgF,(s) + 2NaCl(aq)
All four formulae {1 mark)
Balancing {1 mark)
All four state symbols (1 mark)
b i Lead nitrate (1 mark)
Sodium sulfate/other soluble sulfate or sulfuric acid {1 mark}
ii To remove soluble reactant. {1 mark)

8 Quantitative chemistry

8.1
1 a Because no atoms are created or destroyed in a chemical reaction, equal
numbers and types of atoms must appear on both sides of the equation.
b H,+ Cl, — 2HCI

2 a 17649 b magnesium magnesium carbon
carbonate — oxide + dioxide
MgCO,(s) — MgO(s) + CO,(g)

3 a 2KNO,— 2KNO,+0O, ¢ 4Fe+30,—2Fe,0,

b 4Li+0,-2Li,0

4 2Na(s) + 2H,0() — 2NaOH(ag) + H,(g)
8.2

1

a The average relative mass of an atom of an element, taking into
account the proportions of different isotopes naturally occurring in
that element, compared on a scale in which an atom of carbon-12 has
avalue of exactly 12
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b Because of the averaging of the relative masses of different isotopes 8 a 1mole
in a naturally occurring sample b 196kg
2 a 256 c 159.5 c 96%
b 62 d 180 d Any two valid reasons, e.g., the 2nd stage is a reversible reaction/
3 a Btimes does not go to completion; reactants/products might be lost in the
b i 4 moles ii 0.005 moles process at any stage; the sulfur might be impure.
c i 0.3moles ii 500000 moles 9 a KOH(aq) + HCl(ag) — KCl{aqg) + H,0(l)
4 a 13.5g c 0.1g b i 0.01 moles ii  0.01 moles
b 5000g or 5kg d 7449 c i 0.8mol/dm* ii 44.8g/dm*
?-35 - i Bl Answers to end of chapter practice questions
2 212% 5 AQ, 1 a 32 (1 mark)
3 SO b 74 ( 1 msrk)
s ¢ M of NaOH =40 (1 mark)
8.4 20
1 2 molecules of HCI or 2 moles of HCI molecules number of moles =70 = 0.5 (1 mark)
2 40g d M, of NH,NO, =80 (1 mark)
3 a 2H,0,(aq) - 2H,0() +0,(g) mass =2 x 80 =160g {1 mark)
b 3.4g 2 a 2HBr+H,S0,— 2H,0 + Br,+ SO, (1 mark)
4 g g%(S) +2H,0(l) — Ca(OH),faq) + H,(g) b M, of CHBr=95 (1 mark)
85 -4 Percentage by mass = % =84% (1 mark)
1 To conserve the Earth’s resources and reduce waste and pollution c % ofoxygen =31.8% (1 mark)
2 The reaction may be reversible (as products form they react to re-form Na Br o (1 mark)
the reactants again); some reactants may react to give unexpected 152 530 318 (1 mark)
products; some of the product may be lost in handling or left behind in : 23 80 16
the apparatus; the reactants may not be pure; there may be losses in rao 0.66 0.66 1.99 (1 mark)
separating the product that you want from the reaction mixture. Empirical formula = NaBrO, (1 mark)
3 80g 3 a Fire/explosion (1 mark)
4 21% (21.2%) b :‘:’fge' o - g mﬂgﬂ
ydrogen reacting with oxygen in oxide ma
. g gg‘_%';foa i B € Weigh and heat in hydrogen again (1 mark)
Until mass is constant. (1 mark)
?.GP . d i 064g (1 mark)
recis ]
4 i Honkck i 0—1%& =0.04mol (1 mark)
b i (Volumetric) pipette and burette ... 5.08
i Read to the bottom of the meniscus, with the eye level with that point. i 555 = 0-08mol (1 mark)
3 a Measure a known volume of sodium hydroxide solution into a conical iv Cu:Oratiois2:1 (1 mark)
flask using a pipette, and add a few drops of an acid/base indicator. Empirical formula = Cu,0 (1 mark)
Then pour the dilute nitric acid into a burette, recording the reading 4 a H +0OH = H,0 (1 mark)
on the burette. Then slowly add small amounts of acid into the flask, b i Potassium hydroxide (1 mark)
swirling it to make sure that the two solutions are mixed. Continue Smaller volume used (1 mark)
until the indicator in the flask changes colour. Repeat the titration until ii Nitric acid — burette (1 mark)
you get two identical results. Potassium hydroxide — (volumetric) pipette (1 mark)
b NaOHaq) + HNO,(aq) — NaNO,(aq) + H,0(l) c i 26.10and26.20 (1 mark)
4 a For example, methyl orange, phenoclphthalein i (26.10 + 26.20) =2 (1 mark)
b Two distinctly different colours in acidic and alkaline conditions in = 26.15 cm® (1 mark)
order to make the end point clear to the experimenter d (0.120 x 25.00) + 28.50 (1 mark)
8.7 =0.105 mol/dm?* (1 mark)
1 KOH(aq) + HNO,(ag) — KNO,(aq) + H,O()) 5 a Amount of carbon monoxide = % =2mol (1 mark)
2 0.004 (4 x 10 moles 28
3 0.004 (4 x 109 moles mass of hydrogen =4 x 2 =8g {1 mark)
4 0.32mol/dm?and 20.16 g/dm® b M, of msthanol = 32 (1 mark)
mass of methanol =2 x 32 =649 {1 mark)
8.8 % .ld__‘lﬁxmg ¢ pripitk
1 The volume of gas occupied by 1 mole of gas at room temperature and £ yield =""¢a (T mark)
pressure (24dm* or 24 000cm?) =25% (1 mark)

2

3
4

417mol
7.2dm? (or 7200 cm?)

a i 1.5mal ii
b i 216dm®(or 216000 cm?) ii
c 0.064g

300dm?® (or 300000cm?)

0.048 dm* (or 48cm?)

Answers to end of chapter summary questions

1

(3 -]

-~ &

34q e
Bdg f
28g g
40g
0.25 moles G
0.001 moles
80% b
Br,
2Na + Cl, = 2NaCl
4Al + 30, — 2AL,0,
2Al(OH), — ALO, + 3H,0
2Ba(NO,), — 2Ba0 + 4NO, + O,
2CH,, +130, = 8CO, + 10H,0
95.7%
a C,H, (g)+H,0(g) = C,H,OH(g)
b 75%

106g
342g
118g
0.05 moles

0.76g

cooCO OO DADCTO

9 Rates of reaction

9.1

1 a carbon

calcium hydrochloric calcium REIET

carbonate acid chloride dioxide
CaCO,(s) + 2HCllagq) — CaCl,(aqg) + H,O() + CO.q)
b All the acid had been used up in the reaction.
¢ The line will be horizontal.
2 ai

mass of products
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mass of reactants

time
b The slope of the line tells us the rate of the reaction at that particular time.
9.2

1 Temperature, concentration, surface area, pressure (if gases involved),
catalyst (some reactions affected by light)

2 a Onlyiron atoms a

on the surface
can react
If you cut the nail up, more
iron atoms are exposed and
8 ready to react

b To control all the other variables/keep the other variables constant in
order to make it a fair test

3 The ‘activation energy’ is the minimum energy needed for reactant
particles to react so any collisions with insufficient energy will not react
s0 having no effect on the rate of reaction; only those colliding particles
with the activation energy will react.

4 Well-chewed food will be in smaller pieces so will have a greater surface
area. Therefore it will have more food molecules exposed to attack by the
acid particles in your stomach than unchewed food.

1 a Because the frequency of collisions increases and more particles

collide with energy greater than the activation energy

By a factor of 2/doubles/twice the rate

carbon dioxide

It gets shorter.

The reactant hydrogencarbonate and acid particles move around

more quickly so they collide more often and there is a higher

proportion of collisions with energy greater than the activation energy

needed for a reaction to take place/for effective collisions to occur.

3 The chemical reactions that take place in the cooking process will occur
more quickly as the water under pressure can be heated to a higher
temperature than 100°C.

9.4
1 a The lowest (yellow) line/highest concentration because its slope is
steepest.

b To stop any acid spray escaping whilst allowing the carbon dioxide
gas to escape/a rubber bung would trap the carbon dioxide gas
given off until the bung blew off under the increasing pressure as the
reaction proceeded.

¢ The electronic balance responds to small changes in mass.

2

volume of gas / cm®

time / min

3 The higher the concentration of a gas, the more particles there are in
a given volume and each particle of gas will contribute to the overall
pressure exerted by the gas. If you double the concentration of a gas,
you double the number of particles in a given volume. The particles are
moving randomly at high speeds so the force per unit area caused by
their collisions with the walls of the container will also double.

4 There are many more collisions between the particles of acid in the
undiluted cleaner and the limescale (calcium carbonate) in a given time
resulting in a faster reaction than with diluted cleaner. This is because the
nurmber of acid particles in a given volume is far higher in the undiluted
cleaner than in a diluted cleaning solution.

9.5

1 It remains chemically unchanged.

2 To make them as effective as possible by increasing their surface area as
much as possible

———————————————————————————— e

3 The reactants are used up as they turn into products but catalysts
remain chemically unchanged at the end of a reaction. So catalysts can go
on to catalyse further conversion of reactants to products (eventually they do
become ‘poisoned’ by impurities and need to be replaced, but not often).

4 For example - Manufacture of ammonia/Haber process:
nitrogen + hydrogen = ammaonia (uses an iron catalyst)
Manufacture of sulfuric acid/Contact process:
sulfur dioxide + oxygen = sulfur trioxide (uses a vanadium(v) oxide
catalyst)
Manufacture of nitric acid:
ammonia + oxygen = nitrogen(i1) oxide (nitrogen monoxide) + water (uses
platinum/rhodium as a catalyst)
Manufacture of margarine:
unsaturated oil + hydrogen — hydrogenated fat (uses nickel as a catalyst)

5 They speed up the production process, making it more economical; save
energy; reduce pollution from, and save limited resources of, fossil fuels.

Answers to end of chapter summary questions

1 a For example - Measuring the mass of the reaction mixture over time/
measuring the volume of gas given off in a gas syringe (or measuring
cylinder over water) over time.

b Use more concentrated acid; increase the temperature of the acid;
use a larger surface area of magnesium (e.g., cut the magnesium
ribbon up into smaller pieces).

c i The student could repeat the reaction at different temperatures,
keeping the other variables constant i.e., concentration and
volume of acid, mass and surface area of magnesium ribbon.

ii The higher the temperature of acid, the greater the rate of
reaction/faster the reaction.

iii As the temperature of the acid is increased the particles of acid
(hydrogen ions) in solution gain more energy and move around
more quickly (on average). Therefore they will collide with particles
(atoms) of the magnesium ribbon more frequently. Not only that,
a higher proportion of the collisions will have energy greater than
the activation energy so more collisions in any given time will be
successful/result in a reaction.

2 a Carbon dioxide; limewater turns cloudy.

b i calcium b . . . carbon

+ nitric acid — calcium nitrate + water + =~ "
carbonate dioxide

ii CaCO,s) + 2HNO,(aq) — CalNO,),(aq) + H,O() + CO,(g)

c They used two solutions of nitric acid with different concentrations,
keeping all other variables constant, in a conical flask. This was
placed on an electronic balance, marble chips added, with a cotton
wool plug in the mouth of the flask and the loss in mass (which is
equivalent to the mass of gas produced) was monitored for
2.5 minutes, taking readings every 30 seconds.

Student graphs (both lines drawn as smooth curves and labelled)

The rate of reaction in Investigation B is half that in Investigation A.

The final mass of gas produced in Investigation B is half of that

produced in Investigation A.

g The initial concentration of the acid in Investigation A is twice/double

the concentration of acid in Investigation B.

In Investigation A there are twice as many acid particles (H'(ag) ions)

as in Investigation B in the same volume of acid. So, there will be twice

the number of collisions in a given time between the acid particles in
solution and particles at the surface of the marble chips. Therefore the

rate of reaction in Investigation A is twice the rate in Investigation B.

3 a They kept the temperature, concentration of acid, volume of acid, and

mass of zinc constant and only varied the surface area of the zinc in

each different test.

Hydrogen; a lighted spill pops.

Zn(s) + H,50,(aq) — ZnSO (ag) + H,(g)

Line 1

The largest pieces of zinc

The line would be the steepest, rising to the same level as the other

three lines, levelling off before them.

The smaller the pieces of zinc, the larger its surface area and the more

zinc particles (atoms) are exposed to react with the acid particles

(H*(aq) ions) moving around randomly in the solution. Therefore the

frequency of collision between reactant particles increases, causing

an increase in the rate of reaction.

4 a Asubstance that increases the rate of a reaction but remains

chemically unchanged at the end of the reaction

2H,0,(aq) — 2H,0()) + O,(g)

¢ For example - Measure the time to collect a fixed volume of oxygen

gas using the same mass of potential catalyst (with the same surface

area) in the same concentration of hydrogen peroxide solution at the
same temperature in each test.

d Filter off the insoluble metal oxides after the reaction, wash with distilled

water, and dry in a warm oven/leave to dry/dab with filter paper to dry.

el I = 5

"o Q00
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Answers to end of chapter practice questions 10.5
’ : 1 a Increases the yield of ammonia as there are fewer molecules of gas
e #g:gpc;;ltcfrr;tratlon {(,; m:gﬂ on the right-hand side of the balanced equation so increasing the
b Curve is steeper. (1 mark) pressure will favour the forward reaction.
urve becoiies Horizontal befure theothers: (1 mark) b Increases the rate of production of ammaonia as at higher pressures
¢ ‘Creater surface arsa (1 mark) there are more gas molecules in the same volume so collisions will
d i Student (1 mark) occur more frequently, increasing the rate of reaction.
Bigger (%) error in recording short times (1 mark) 2 Toincrease the rate of production of ammonia (even though both forward
i 1211 (1 mark) and reverse rates are increased)
=0.09 (1 mark) 3 4 %i
iii Rate increases as concentration increases {1 mark)
In direct proportion (1 mark) ; gg%
iv Concentration doubled/twice as many (acid) particles {1 mark) " : ; s
More collisions between (acid) particles (1 mark) e These conditions are a compromise so that thg ylgld of ammonia is .
In a given time/more frequent (1 mark) lower than would be ideal but the rate of reaction is reasonable at this
2 a S/sulfur (1 mark) temperature and pressure (with the aid of the iron catalyst).
Does not dissolve/appears as a precipitate (1 mark) 10.6
b i They move more quickly. (1 mark) 1 Stage sulfur +  oxygen sulfur dioxide
ii Collisions are more energetic. (1 mark) S(s/1) + 0,(g) = S0,(g)
3 a Asubstance that speeds up a chemical reaction (1 mark) Stage 2 sulfur dioxide + oxygen = sulfurtrioxide
But is not used up during the reaction (1 mark) 280,(g) + 0O,(g) = 250,(g)
b They reduce costs/they last a long time/they help to make a Stage 3 sulfur trioxide + water = sulfuric acid
lot of products in a shorter time. (1 mark) 80,(g) . H,O() = H,S0,

¢ Greater surface area {1 mark) 2 a

b
10 Extent of reaction
C

10.1

450 °C, atmospheric pressure (or just above)/1 atosphere/100kPa,
vanadium(v) oxide catalyst/V,0,

Several layers in the reaction vessel; supported on porous ‘daisy-
shaped’ pellets to maximise the surface area for gases to react on
Temperature of 450°C - this is chosen to maintain a reasonable rate
of formation of sulfur trioxide, despite the fact that as the temperature
is raised the yield of sulfur trioxide decreases. Atmospheric pressure

1 Areaction in which reactants form products but the products also react

2

to form the reactants.

The mixture of water and phenolphthalein would appear colourless to
start with, then would turn pink-purple in the alkaline sodium hydroxide
solution, and finally turn back to colourless in the excess acid.

HPhe = H*aqg)+ Phe (aq)
colourless pink-purple
For example, toothbrushes, mugs, strip thermometers

White anhydrous copper sulfate powder turns blue in the presence of
water:

CuS0, +5H,0 = CuS0O,5H,0

white blue
Blue cobalt chloride paper turns pink in the presence of water:

CoCl,2H,0 +4H,0 = CoCl,-6H,0
blue pink
10.2
1 The rate of the reverse reaction is equal to the rate of the forward

2
3

reaction.

They remain constant.

Because although the concentrations of reactants and products are
unchanged overall in the reaction mixture, the forward and reverse
reactions are still taking place but at the same rate.

4 Pump more chlorine gas into the mixture as this will increase the rate of
the forward reaction and more iodine trichloride will be produced.

10.3

1 Decreases products

2
3

Increases the amount of hydrogen gas formed

a As pressure increases the colour of a mixture lightens as the forward
reaction producing more N,O, results in fewer gas molecules.

b The colour of a mixture darkens as the reverse reaction producing
more NO, is endothermic.

4 No effect, as the number of gas molecules is the same on either side of
the balanced equation.

104

1 Nitrogen gas - from air

2

3

4

Hydrogen gas - from natural gas

a N,g)+3H,g) = 2NH,(g}

b 450°C, 200 atmospheres, iron catalyst

a Cooled, condensed, and collected as a liquid

b They are recycled back in to the reaction mixture.

Extract N,
from air
| Pass over Fe catalyst | Liguefy and
L at 450°C and 200atm remove ammonia
Make H, from
natural gas Recydle unreacted
nitrogen and hydrogen

{or just above to push the gases through the pipes and reaction
vessels) is chosen as a very high yield is achieved anyway in the
reaction vessel so it not worth spending more money compressing
the gases. The vanadium(v) catalyst speeds up the rate of formation of
sulfur trioxide although it does not affect its yield.

3 Start with: 232 moles of S. If all of it is converted to sulfuric acid, H,SO,

you also have |

1000 ] = 2 moles of H and [m] x4 moles of O.

2 2
So the mass of H,S0, per kilogram = [[%] x1lgof H
+[[122)x32lg of S
+[[ 4222 ) x 16]g of O
=3062.5¢g

= 3.06 kg (to 3 significant figures)

Answers to end of chapter summary questions

1 a
b

nDow

There is solid, liquid, and gas present.

More ICI, is made as the position of equilibrium shifts to favour

the forward reaction which produces no molecules of gas, thereby
reducing the pressure.

The position of equilibrium would shift to the left in order to replace
lost chlorine gas.

Alg) + Blg) = 2C(g)

i Mo effect ii Increase the rate

i Increase the amount of C formed

ii Increase the rate

Increase in temperature will favour the reverse reaction, making more
sulfur dioxide and oxygen, as this reaction is endothermic, absorbing
energy and thereby decreasing the temperature. Therefore, yield will
be lower. The rate of reactions will be increased as the gas molecules
will move around faster so there will be more frequent collisions, with
more being successful in producing a reaction as more have energy
greater than the activation energy.

Increase in pressure will favour the forward reaction as this produces
fewer molecules of gas {two molecules of sulfur trioxide on the right-
hand side of the equation as opposed to three molecules of sulfur
dioxide and oxygen on the left), thereby increasing the yield. The rate
of reaction will be increased as there will be more gas molecules in a
given volume, producing more frequent collisions.

Use of a catalyst has no effect on the position of equilibrium but will
increase the rate of both forward and reverse reactions by the same
amount as it lowers the activation energy so a higher proportion of the
gas molecules have sufficient energy to collide successfully and react.

4 The pressure could be decreased as the left-hand side of the equation
has fewer (9) molecules of gas than the right-hand side (10}, so would
tend to decrease the pressure.

The temperature could be decreased as the forward reaction is
exothermic so releases energy thereby increasing the temperature.
The platinum catalyst will not affect the yield as it increases the rate of
both forward and reverse reactions equally.
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Increases the yield of ammonia
Decreases the yield of ammonia

i Looking at pressure, choose one temperature and follow the

pattern down a column as the pressure increases.
Looking at temperature, choose one pressure and follow the
pattern across a row as the temperature increases.

The pressure is not raised any higher for economic reasons — making
a plant to withstand higher pressures costs more, generating higher

pressures takes more energy and increases safety risks.

The temperature cannot be decreased, although this would improve
the yield of ammonia, as the rate of reaction would be too slow.

¢ No effect on the yield of ammonia

6

energy

11 Energy changes in chemical reactions

1114
1 a Exothermic
b Endothermic
¢ For example, oxidation, combustion, neutralisation, respiration
d For example, any thermal decomposition, photosynthesis
2 The beaker would feel cold as the process of dissolving absorbed energy
from its surroundings which included the beaker and your hand holding it.

No catalyst
NG -3 [ With iron
. catalyst
AH=-93kJ/mol
' 2NH,(g)
progress of reaction

Answers to end of chapter practice questions

1 a

The rates of the forward and reverse reactions are the same. (1 mark)
The concentrations of the reactants and products do not
change. {1 mark)
i It becomes brown/darker. {1 mark)
ii The reaction is endothermic. {1 mark)

The equilibrium shifts to the right (as the temperature

increases). (1 mark)
The colour becomes pale yellow/paler. (1 mark)
There are more gas molecules an the right. (1 mark)
The equilibrium shifts to the left (as the pressure increases). (1 mark)
i Air {1 mark)
ii Natural gas/water {1 mark)
Iron catalyst (1 mark)
450°C (1 mark)
200 atmospheres {1 mark)
Nitrogen and hydrogen (1 mark)
Cool/lower temperatures {1 mark)
N, + 3H, — 2NH,
All symbols correct (1 mark)
Balancing (1 mark)
The temperature decrease raises the yield {1 mark)
Because the reaction is exothermic {1 mark)
So the equilibrium shifts to the right (1 mark)
The pressure increase raises the yield {1 mark)
Because there are fewer molecules of gas on the right (1 mark)
So the equilibrium shifts to the right (1 mark)
It increases it. {1 mark)
It increases the rates of the forward and reverse reactions {1 mark)
By the same amount {1 mark)
i  Ammonia {1 mark)

Hydrogen chloride {1 mark)
ii  Ammonium chloride (1 mark)
iii NH, + HCl — NH Cl (1 mark)
Top of tube too hot for ammaonium chloride
to form/solid forms outside the tube. {1 mark)
The Contact process {1 mark)
512 tonnes (2 marks)
i 280, + O, = 280, (2 marks)
ii Vanadium(v) oxide (1 mark)
784 tonnes (2 marks)

3 The enthalpy of the reactants was greater/higher than the products, with
the difference released as energy which raised the temperature of the
surroundings. AH would have a negative value.

4 a MgCO,(s) — MgO(s) + CO,(g)

b +117kJ/mol

11.2

1 a Ituses the energy released in the oxidation of iron, forming hydrated

iron(1n) oxide in an exothermic reaction. Sodium chloride (common
salt) is used as a catalyst.

b A supersaturated solution is made to crystallise by pressing a small
metal disc. The crystals spread throughout the solution, releasing
energy. The crystals are re-dissolved in hot water, ready to use again.

¢ The disposable hand warmer lasts longer when activated than the
reusable one. However, it can only be used once. Opposite applies to
reusable hand warmers.

d Self-heating cans

2 a Totreat injuries with cold packs; to chill drinks in cans
b Dissolving ammonium nitrate in water
c i NH 4N03 ii For example, fertiliser

3 a Calcium oxide
b CaO(s) + H,0() — Ca(OH),(aq)
¢ It would form a harmful alkaline solution.

113

1 a Their size/numerical value/magnitude is the same but they have

opposite signs.

b Water

c It reacts with water vapour in the air.

d Energy is released.

2 a W+X=Y+2Z
b It will absorb 50 kd (+50kJ/mol).

3 a 4moles
b CoCl,2H,0 + 4H,0 = CoCl,-6H,0
¢ Warm them up.

114

1 a A=6720J (6.72kJ); B=13360J (3.36 kJ); C =5670J (5.67kJ)

b A=28000J(28kJ); B=18667J (18.67 kJ); C=21000J 21kJ)

c A=C=>B

d A=1344kJ/mol; B = 784 kJ/mol; C = 1218 kd/mol

e A>C>B

f They are likely to be much too low in magnitude because of large
energy losses to the surroundings in the simple calorimeter.

1.5

1 Because it is a good thermal insulator it will reduce the rate of energy
transferred to or from the surroundings.

2 a NaOH(aq) + HCl(ag) — NaCl(aq) + H,0()

b MNeutralisation

¢ 2.0mol/dm?*

d 11554

e -23.1kJ/mol
116
1 a

H,lg) + Clo(g)
B 184 kJ/mol of
2HCl(g)

progress of reaction

_—
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b
2Hl(g)
£ 26.5kJ/mol of
s energy absorbed
@
Halg) +1:(9)
progress of reaction
2 anndb
I
b
\ Y+Z
=
@
5
Activation energy
X

progress of reaction

¢ [t reduces the activation energy/energy needed for colliding particles to
react so increasing the proportion of collisions in a sample with sufficient
energy to cause a reaction and therefore increases the rate of reaction.

3 a Energy must be supplied from the surroundings and absorbed by the
molecule whose bonds are being broken to overcome the attraction
between atoms. So the separated atoms formed will have a higher
energy content than the original molecule.

b H
+
HeCsH + 070 0 gog=0 + >0 >0
+ 0=0 H H
H

¢ Bonds broken: 4 C-H; 2 0=0
Bonds made: 2 C=0; 4 O-H

11.7
1 Endothermic
2 The energy required to break a specific bond.
3 a H,+Cl,— 2HCl AH=-185kJ/mol
b 2H,+0,—2H,0 AH =-486kJ/mol

11.8
1 There has to be a difference in reactivity between two different metals to

produce a voltage.
2 a Student diagram of the electrical cell set-up with a lamp in the
external circuit.

b Iron
¢ Zinc acts as the negative terminal and a source of electrons into the

external circuit, because it is more reactive than iron, having a greater
tendency to lose electrons and form positive ions. So zinc atoms are
changed to Zr?* ions at the negative terminal, donating two electrons
to iron(m) ions:

Zn = Zré* + 2e”

and Fe® ions turn into iron atoms at the positive terminal of the cell:
Fe**(ag) + 28~ — Fe(s)

3 For example — Once one of the reactants runs out/is used up in the dry
cell, it stops working and must be discarded as it cannot be recharged.
The dry cell is prone to leakage if the zinc casing is used up (as it
changes to zinc ions) and dissolves away releasing the inner paste from
the outer casing.

119
1 combustion, fuel, oxygen, water, carbon dioxide, carbon

2 Ensure that the electricity used is generated using renewable energy
sources, such as from wind turbines or hydroelectric plants.

3 a
b

The only product of combustion is water:

2H,+ 0, - 2H,0

Storage - hydrogen is a gas so it is difficult to store/needs to be
compressed.

Safety — any leakages can form an explosive mixture with oxygen in
the air.

Answers to end of chapter summary questions

1 aandb
Chemicals mixed
£
=
g Products retum to
kS room temperature
Reaction finishes
time
c 504J
2 a
Activation energy
zZ| nitric acid + sodium hydroxide
@D
5
sodium nitrate + water
progress of reaction

Activation energy
= ammonium nitrate solution
]
5 o
ammonium nitrate + water
progress of reaction

Activation energy,

no catalyst
- Activation energy
e with catalyst
< | hydrogen peroxide

water + oxygen
Catalysed reaction

progress of reaction

a C_H,O, +120, —»12CO,+ 11H,0

b To break the bonds in reactants/to supply the activation energy

¢ The process of making new bonds in carbon dioxide and water
releases energy

d 85kJ

a -210kJ/mol

b The energy absorbed in breaking the bonds in hydrogen peroxide
is less than the energy released when the new bonds in water and
oxygen are made.

a 27.3kJ

b 2730kJ/mol
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Answers to end of chapter practice questions 3 a From oxidation of sulfur impurities when fuels burn
b When nitrogen in the air is oxidised in the very high temperatures

1 ai Exothermic reactions give out heat/produce temperature inside a vehicle engine
119, 3 v ; When fuel, such as diesel, undergoes incomplete combustion
Endothermic reactions take in heat/produce temperature ¢ ¢ 7
fall. r—— 4 a CH,g +20,g) — CO,g) + 2H,0()
i Enthalpy change (1 mark) b 2CH,(g) + 30,(g) — 2CO(g) + 4H,0() .
iii Negative sign means exothermic/positive sign means ¢ Carbon monoxide is a highly tcmg: gas. As it is oolourlgss and
endothermic. (1 mark) odourless, people cannot detect it and so become poisoned.
b i Energy of reactants is higher than energy of products. (1 mark) 12.4
i Activation energy (1 mark)  { Because ethanol can be made from plants which actually absorb carbon
iii Catalyst used (in B) (1 mark) dioxide as they photosynthesise which offsets the carbon dioxide released
iv C (1 mark) when it is burnt, whereas burning petrol is releasing carbon dioxide from
¢ -31kJ/mol (1 mark) hydrocarbons trapped beneath the surface for millions of years.
2 a i 125°C (1 mark) 2 The energy comes from the Sun, which is used by the plants, such as
i Student 2 (1 mark) oilseed rape, in the process of photosynthesis as the biofuel crop is
b i 100x4.18x14.5=6061J growing.
Temperature change (1markl 3 a Ethanol produced by fermenting glucose from sugar cane (or sugar
Substitution (1 mark) beet) is a renewable source of energy as the crop can be grown and
. Correct answer (1 mark) harvested each year. However, ethanol made from ethene which is
i 6200 + 0.40 = 15500.J/gram = 15.5 kJ/gram obtained by cracking products from crude oil is using
Substitution (1 mark) up a non-renewable fossil fuel.
Conversion from J to kJ (1 mark) b Iffarmers switch from producing food crops to growing crops for
Correct answer (1 mark) biofuels, there will be less land available to grow food or raise animals.
¢ Heat lost to atmosphere) (1 mark) This could result in food shortages and higher food prices.
3 a (4=412)+ (2 x4986) {1 mark)
. (‘22)??33) + (4% 483) ﬂ mz% Answers to end of chapter summary questions
=3338 (1 mark) 1 a i CH,, i C,H, i CH,
¢ -698kJ/mol {1 mark) b Student graph
¢ The higher the number of carbon atoms (the larger the alkane
molecule), the higher its boiling point.
12 Carbon compounds as fuels d Actual boiling point of pentane is 36°C - see student graph for
accuracy.
12.1 2 a i Acompound made up of hydrogen and carbon atoms only
3 1 ii They have the maximum number of hydrogen atoms possible
1 a Amixture of hygrocarbons : in their molecules/contain only single covalent bonds between
b We rely on fractions from crude oil for most of our fuels, as well as carbon atoms.
many other products made from them. b i Propane,C,H
¢ Because it is a mixture of different substances with different boiling i Aomis of earbsiiand hydrogen
points i : ) iii Single covalent bonds
2 As a mixture, crude oil contains a wide range of hydrocarbons. Its 3 a B, because a fractionating column gets cooler nearer the top and the
components all have differing properties, such as boiling points, so itis v&’lpcurof B will condense at a lower temperature than A.
bettgr to separate the crude oil into fractions which can have different b Bas itis made up of smaller alkane molecules than A because it has
" :peglrll-? Hags: a lower boiling point - and smaller hydrocarbons are more flammable.
n 'on +2) c i Ais more viscous than B.
b td":cx‘::: [(;ESHI-‘IJ; heptane, C,H,; octane, C,H,; nonane, CH; ii B is more volatile than A.
s Mgty 4 a Climate change
4 a A "|| T '|'| T T H b i Sulfurdioxide
ii Remove sulfur impurities before burning the fossil fuel or prevent the
H—C—C—C—C—C—C—C—C—H sulfur dioxide gas formed from entering the atmosphere.
| | | | | | | | iii Oxides of nitrogen - formed when nitrogen in the air inside a
H HHHMHHH H combustion engine is oxidised at very high temperatures.
b 46 5 a To condense the steam formed in the combustion of ethanol and
c 15 collect it as a liquid
d Because they are compounds of hydrogen and carbon atoms only b Blue cobalt chloride paper turns pink/white anhydrous copper(n)
which have the maximum number of hydrogen atoms possible in their sulfate turns blue.
molecules/contain only single covalent C-C bonds. ¢ It turns cloudy as carbon dioxide is produced when the carbon atoms
faa B bl
g : 0 . ompare the time it takes for the limewater to turn cloudy when
1e :i H:Z E:ﬁ: m gg:gz:g:: :2: m&g?rtazevgﬂm?ypmm ethanol burns with the time it takes with just air being drawn through
iii The larger the hydrocarbon, the higher the viscosity the apparatus. S
b Short-chain hydrocarbon molecules - it will burn with a clean flame/ e sthanol +gxygen — carbon diadde + water
not smoky. C,H,OH + .3.02 - 2C0O, o 3H,0
2 Student table that effectively shows the patterns in the boiling points f  Swap the spirit burner with ethgnql infor a wax candle.
(gets higher), volatility (gets lower), viscosity (gets more viscous), and g Ppropane +oxygen — carbon dioxide + water
flammability (gets less flammable) as the size of the hydrocarbon i C:f%:an m+on05:i)ée == 3c0, +4H,0
molecules increase. ;
3 Hot crude oil is heated and enters a fractionating column near the 6 a Eltjgir:obléebtecause it can be made from plants, .g., sugar cane and
bottom as a vapour. The temperature decreases going up the column. o . )
The gases condense when they reach the temperature of their boiling b The carbon dloylude released when it burns was taken in from the
points so different fractions are collected as liquids at different levels in a atmcsphera as it grew. . o
continuous process. The hydrocarbons with the smallest molecules have ¢ Water is the only product of conjbustlon s0 no more carbon dioxide is
the lowest boiling points and are collected at the top of the column where acided to the atmosphere when it bumns. : ;
the temperature is lower. Nearer the bottom of the fractionating column, d How 0 st.ore the gas (large volume or vary high pressires in
the fractions with the higher boiling points are collected. Cyllndgrs), : ; ;
explosive with oxygen in an accident;
12.3 how to generate the hydrogen.
1 a Carbon dioxide and water b Sulfur e hydrogen + oxygen — water
2 a Acidrain b Oxides of nitrogen 2H, + 0O, —=2H0
f Afuel cell

R
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Answers to end of chapter practice questions

1 a i (Compound containing) hydrogen and carbon (1 mark)
only/but no other elements (1 mark)
ii  Only single bonds/no double bonds {1 mark)
b i CH,. (1 mark)
i CH, (1 mark)
jili HHHH
L]
H-C-C-C-C-H (or displayed formula for methylpropane)
[ ]
HHHH (1 mark)
¢ i (Liquid to vapour) evaporation/boiling (1 mark)
(Vapour to liquid) condensation {1 mark)
ii Viscous (1 mark)
High boiling point (1 mark)
2 a Carbon dioxide (1 mark)
Water (1 mark)
b CH,+20,—-CO,+2H,0
Four formulae correct (1 mark)
Balancing (1 mark)
c (Solid) carbon {1 mark)
(Gaseous) carbon monoxide {1 mark)
d i High temperature (1 mark)
ii Acid rain {1 mark)
e i Remove it before fuel is burnt. {1 mark)
ii Remove it before it enters the atmosphere. (1 mark)
3 a It comes from plants. (1 mark)
b Sugar (cane) {1 mark)
Fermentation (1 mark)
¢ i Crude oil/fossil fuels are becoming depleted. (1 mark)
ii Less food can be grown. {1 mark)
d i Mo carbon dioxide formed {1 mark)
ii Storage is difficult/expensive/heavy (1 mark)
Risk of explosion (1 mark)

13 Other products from crude oil

13.1
1 a To meet our demands for fuels (petrol and diesel) from crude oil
b The hydrocarbon vapours are passed over a hot catalyst or mixed
with steam at very high temperatures.

2 ai B
ii A hydrocarbon that contains at least one C=C double bond
i Alkene
b i A ii Alkane
¢ Thermal decompaosition
3 24 hydrogen atoms in C H,,
4 CH,—>CH,+2CH,
13.2

1 a Amonomer is a small reactive molecule that joins together with other
monomers to form a polymer.
A polymer is a very large molecule made up of many repeating units.
b Polymerisation

S 1T
(] 1)
H H

)

H H
Ethene Poly(ethene
d For example, carrier bags, dustbins, clingfilm, bottles, washing-up
bowls

2 Two carbon atoms are needed for a hydrocarbon to have a C=C double
bond whereas in alkanes only one carbon atom is needed to form a
saturated hydrocarbon as in CH,.

3 a H H
S A
H G
I o
c=C_ H
/7N
H H
i A T
H c H H—C—H
1 0=¢" “H s |6
27N | |
H H H H n

¢ For example, carpets, milk crates, ropes
d The C=C double bond ‘opens up’ in neighbouring propene molecules
and forms single bonds, joining the monomers together in a long chain.

13.3

1 a Inatangled mess
b i Thermosoftening polymers have their individual chains held

in place by relatively weak intermolecular forces whereas
thermosetting polymers have strong covalent bonds (cross links)
between the chains.

ii Thermosoftening plastics soften when heated and tend to be soft
but thermosetting polymers are heat-resistant {eventually charring
at high enough temperatures) and rigid.

2 The handles would soften if thermosoftening polymers were used as heat
is conducted through the metal pan to its handle.

3 Polymer A has stronger intermolecular forces than polymer B so it takes
more energy to soften it. Polymer C has strong covalent bonds holding
its chains in position so it will not soften on heating.

4 a The reaction conditions are different (temperature, pressure, catalyst).
b Both HDPE and LDPE are thermosoftening polymers.
¢ HDPE has straighter chains which can pack more closely together so

it has a higher density, whereas LDPE has randomly branched chains

so the chains cannot pack regularly together so there is more space
in its structure so it has a lower density.

13.4
1 a i A polymerthat is developed with a specific use in mind
ii A polymer which changes in response to changes in its
surroundings
b i It is light, tough, and transparent
ii Forexample, clothing, duvet filling
iii Thermosoftening polymer because it can be melted and re-worked.
A loose network of cross-linked polymers with water trapped in its
structure
b Dressings for burns, contact lenses
3 Once the top layer is peeled off, the light-sensitive polymer beneath loses
its stickiness when in contact with light so can easily be removed from
the skin.
4 The stitches are inserted loosely and tighten when warmed to body
temperature.

13.5

1 Waste plastic mostly ends up in landfill sites where it takes many years to
break down.

2 Polymers that can be broken down by microbes in the soil.

3 a Because they are biodegradable

Lactic acid

Little or not enough oxygen to aid decomposition process

Decomposition might start before the plastic’s useful life has expired.

It can be incorporated into the structure of non-biodegradable

plastics so that microbes feed on it once disposed of and speed up

decomposition.

Polymers derived from cornstarch are themselves biodegradable.

2 a

b
4 a
b
c

Answers to end of chapter summary questions

1 a CH,
b H H
Mo
H C
™ 7N
Cc=cC H
7/ N
H H

¢ Unsaturated molecule as it contains a C=C double bond
d Add bromine water, stopper, and shake - the propene will decolourise
the bromine water whereas the propane has no effect/bromine water
remains orange in colour.
e |1 Polymerisation
ii Poly(propene)
iii Monomers
iv The poly(propene) is a solid at room temperature whereas propene
is a gas.
2 nCH,— -CH-CH, -
3 a ethene + steam = ethanol
C,H,(g) + H,0(g) = C,H,OH
b 75%
¢ Advantage - it is a continuous process and a quicker process.
Disadvantage - it uses a non-renewable resource as its raw material
{crude oil) and uses more energy in the process.
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Water molecules can pass out of the tiny pores in the material (as when

we breathe out water vapour) so the wearer does not get clammy.

b No, because it does not change in response to changes inits

environment.

The crops have been genetically modified.

b Mot in theory as it absorbs the same amount of carbon dioxide
when the crop grows as it releases when it decomposes. However,
processing and transporting the crop to extract the polymer will use
fossil fuels which will result in some excess carbon dioxide being
released.

¢ Probably as the recycling bypasses the processing/fermentation stages

but it would itself require some costs in terms of extracting the polymer.

Answers to end of chapter practice questions

1 a (Typel)
Heat (1 mark)
With a catalyst {1 mark)
(Type 2)

Mix with steam {1 mark)
Very high temperature (1 mark)
b i (Carbon-carbon)double (covalent) bond (1 mark)

i H H

N /
c=cC
7 N

H H (1 mark)
i CH, {1 mark)
c CdH& or 2(:2H_1 (1 mark)
d Bromine (water) (1 mark)
Alkanes show no change in colour. (1 mark)
Alkenes decolourise it. (1 mark)
e Ethene {1 mark)
Steam {1 mark)
Heat/catalyst (1 mark)
2 a No double bonds/saturated {1 mark)
Much bigger/long chains {1 mark)
b i LD =lowdensity and HD = high density {1 mark)
ii Melt when heated (1 mark)
¢ i Does not melt/decompose {1 mark)
ii Cross links/chains joined together (1 mark)
d Broken down by microbes (1 mark)
Reduce space taken up in landfill {1 mark)

3 0 marks Mo relevant content
Level 1 (1-2 marks) One type of polymer is correctly identified and there
is a brief account of the properties, structure, and bonding of polymers.
Level 2 (3—4 marks) Both types of polymer are correctly identified and
there are some references to the properties, structure, and bonding of
polymers.
Level 3 (5—6 marks) Both types of polymer are correctly identified
and there is a clear, balanced, and detailed account of the properties,
structure, and bonding of polymers.
Examples of chemistry points made in the response:
Polymer 2 should be made using low-density thermosoftening polymer
Polymer 1 should be made using thermosetting polymer
low-density (thermosoftening) polymer chains have many branches
high-density (thermosoftening) polymer chains have no/few branches
thermosetting polymer chains have cross links/covalent bonds
between the chains
HD polymer chains can pack closely together
LD polymer chains do not pack closely together
thermosetting polymers cannot change shape because the cross links
do not break when heated

14 Alcohols, carboxylic acids, and esters

14.1
1 a Esters ¢ Carboxylic acids
b Alcohols
2 a Propanad ¢ Methanoic acid
b Ethyl ethanoate
3 a c H H H 0
| L L 7
H—?—?—O—H H—?—?—?—C\
H H H H H O—H

14.2

14.3
1

Ethanol, CH,CH,OH or C,H,OH

Fuels, solvents, and ethanol in alcoholic drinks

a sodium + methanol — sodium methoxide + hydrogen

2Na + 2CH,OH — 2CH,ONa + H

b Methanoic acid, HCOOH

¢ methanol + oxygen — carbon dioxide + water
2CHOH + 30, - 2C0, + 4H,0

Place methanol, ethanol, and propanol in separate spirit burners and

weigh then accurately. Heat a known volume of water for a set time and

record the rise in temperature of the water. Re-weigh the spirit burners

with their remaining alcohols. Calculate the rise in temperature that would

have been produced if one gram of each alcohaol had burnt. The alcohol

with the largest temperature rise per gram is the one that releases most

energy when it burns.

2

a Carbon dioxide

b Potassium propanoate

¢ 2C,H,COOH +K,CO, — 2C H,COOK + H,0 + CQ,
a

sulfuric acid catalyst

methanoic acid + ethanol = ethyl methanoate + water
b i Ethyl ethanoate ii Propyl methanoate
¢ They evaporate/give off vapour easily.
d Flavourings and perfumes (polyester fabrics)
Propanoic acid is a weak acid because it does not ionise completely
when added to water. The majority of its molecules remain intact and
only a fraction form H*(aq) ions and propanoate (negative) ions. Therefore
propanoic acid does not produce as high a concentration of H*(ag) ions
in its solution as a solution of a strong acid of equal concentration.

Answers to end of chapter summary questions

1

A

Cc

Esters

B

Ais CH,CH,CH,CH,CH,COOH

Cis CH CH CH CH CH ,CH,CH,OH

i Sodlum f' zzesfeffervescesfglves off bubbles of gas, and gets
smaller and smaller as a solution is formed.

ii Hydrogen

iii Sodium ethoxide

iv Na*

v 2Na+2C,H,OH — 2CH.ONa+H,

b The reaction with lithium would be slower/gas given off more

slowly/longer for lithium to dissolve into the solution.
o]

(- = B 2 I = i ]

o
H-C-0-H
b i & N
Methanoic «5’9
acid 7
Y4 . Limewater
g Pﬂtamum b
{?f carbonate )
ii methanoic potasmum potassium carbon
acid carbonate ~ methanoate REWERE dioxide
2HCOOH + K.CO, - 2HCOOK + H0O + CO,
c i Eethanol
ii C methanoic acid, because ethanol is neutral so has the highest
pH of 7. The rest are acids so have a pH below 7, but methanoic
acid is the only weak acid. The other three being strong acids will
have lower pH values.
a Ethyl ethanoate
b Ethanol and ethanoic acid
c sulfuric acid catalyst
ethanoic acid + ethanol = ethyl ethanoate + water
CH,COOH +C,H,OH = CH,COOCH, + H,0
d It evaporates easily

e Methanol and propanoic acid
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5 For example — Add sodium carbonate to a solution of each liguid - only
propanocic acid would fizz (giving off carbon dioxide gas); then add
sodium to the other two remaining liquids, only propanol would fizz
(giving off hydrogen); the remaining liquid is ethyl ethanoate (smell to
check).

6 a There are 0.5 mol of solute in 1dm* of solution.

b Methanoic acid will have a higher pH value than nitric acid.

¢ Nitric acid is a strong acid. The HNO, molecules all ionise in water:

HNO,(aq) — H'(aq) + NO,"(aq)
However, methanoic acid is a weak acid so most of its molecules
stay un-ionised. Only a few molecules will ionise and split up in their
solutions in a reversible reaction.
HCOOH(ag) = HCOO- (aq) + H*(aq)

So there are fewer H*(aq) ions in a given volume of methanoic acid
solution compared with the same volume of nitric acid solution.

Answers to end of chapter practice questions

1 a (Any two of)
Same general formula
Same functional group
Same/similar chemical reactions (2 marks)
b i CHOH/CHO (1 mark)
e
H-C-C-C-0-H
| o
HHH (1 mark)
c (Any two of)
Bubbles
Sodium disappears/gets smaller
Solid moves around (2 marks)

d

Carbon dioxide
Water
CH,CH,OH + 30, — 2CO, + 3H,0
All formulae correct
Balancing
i Ethanoic acid
ii Vinegar
(Ethanol) - no change
(Ethanoic acid) — bubbles
i 5
i 1
Ethanoic acid is weaker because the ionisation is not
complete/fewer H* ions are formed.
Nitric acid is stronger because ionisation is complete/more
H* ions are formed.
i Methanoic acid
Propanol
ii O HHH
[ 11
H-C-O0-C-C-C-H

L]

HHH
Ethyl ethanoate
(Food) flavourings
Perfumes

(1 mark)
(1 mark)

{1 mark)
(1 mark)
{1 mark)
{1 mark)
(1 mark)
(1 mark)
{1 mark)
(1 mark)

{1 mark)

(1 mark)
(1 mark)
{1 mark)

(1 mark)
(1 mark)
{1 mark)
{1 mark)
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accuracy 194-5
acids 90
acid + alkali 93
acid + insoluble base 92-3
acids + metals 92
measuring acidity 90-1
weak and strong acids 188
activation energy 118
activation energy and catalysis 153
air pollution 167
alcohols 184-5
combustion 186
oxidation 187
reaction with sodium 187
reactions of alcohols 186
alkali metals 42
properties 42
reaction with water 42-3
reactions 43
alkalis 90
measuring alkilinity 90-1
alkanes 163, 184
alkenes 172, 184
making polymers from alkenes
174-5
alloys 34, 53
alloy steels 55
shape memory alloys 35
aluminium alloys 53
aluminium extraction 68
electrolysis of aluminium oxide
68-9
ammonia 134-5
testing for 83
anhydrous substances 146
anodes 64, 69, 70, 73, 75
anomalies 195
aqueous solutions 99
atomic number 1213, 16, 40
atoms 8, 10, 12, 16
atomic number and the periodic
table of elements 12-13
atoms, elements and
compounds 11
chemical symbols 10-11
evidence for electrons in atoms 8
evidence for electrons in shells
(energy levels) 9
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evidence for neutrons in the
nucleus 9

evidence for the nucleus 8-9

isotopes 17

mass number 13, 16

representing the atomic number
and mass number 16

Avogadro constant 101

bar charts 196
bases 90
acid + insoluble base 92-3
batteries 156-7
biodegradable polymers 180-1
biofuels 168
advantages and disadvantages
168
ethanol as biofuel 169
blast furnaces 54
boiling 5
alkali metals 42
bonding
covalent bonding 20, 24-5, 30,
32-3, 177
ionic bonding 20-3, 28-9, 100
metal crystals 26
metallic bonding 27
bonds 153, 154
bond dissociation energy 154-5
double bonds 172
brine 70-1
bromides 86
burettes 108-9

C

carbon dioxide, testing for 83
carbon monoxide 167
carbon steels 55
carbonates 86
carboxylic acids 185, 188
making esters 189
why are carboxylic acids called
‘weak acids’? 188
catalysts 124
activation energy and catalysis
153

advantages of catalysts in
industry 124
Haber process 137
investigating catalysis 125
categoric variables 192
cathodes 64, 69, 70, 73, 75
cells
electrochemical cells 156~7
fuel cells 158-9
chemical equations 98, 104
calculations 105
half equations 59
making an equation balance 98, 99
using balanced equations to work
out reacting masses 104
chemical symbols 10-11
chlorides 86
chlorine 71
testing for chlorine 83
chromatography 80
identifying unknown substances
using chromatography 80-1
climate change 167
closed systems 130
collision theory 118
effect of temperature 120-1
combustion 166-7
alcohols 186
incomplete combustion 167
compounds 11, 20
compounds of transition
elements 45
organic compounds 184
working out the empirical formula
of compounds 103
concentration 122-3
calculating concentrations 110
conclusions 197
condensation 5
conductivity 31
Contact process 138-9
continuous variables 192
control variables 194
cooling down 145
copper 72-3
copper alloys 53
electrolysing copper sulfate
solution 74=5
making a copper salt 93
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cornstarch 181
covalent bonding 20, 24

bonding in and between polymer

chains 177

covalent bonds 24

giant covalent structures 25, 32-3

simple molecules 24-5, 30
cracking 172-3

making ethanol from ethene 173
crude oil 162, 164-5

fractional distillation 162, 164-5
crystallisation 78-9

D

data 194-5
mean of the data 196
presenting data 196
range of the data 196
using data to draw conclusions
196-7
dependent variables 192
diamond 32
diffusion 6
diffusion in gases 7
diffusion through liquids 6
displacement reactions 47, 58-9
distillation 79
dot-and-cross diagrams 47

E

electrochemical cells 1567
electrodes 64, 69, 70, 73
changes at the electrodes 66-7
comparing inert and active
electrodes 75
electrolysis 64-5, 66
effect of water 67
electrolysing copper sulfate
solution 74-5
electrolysis of aluminium oxide
68-9
electrolysis of brine 70-1
electrolysis of molten lead
bromide 64
electrolysis of solutions 65
electrolyte 64
half equations 66
electrons 8, 13
delocalised electrons 33
electron shell diagrams 14-15
electron shells 9, 14
electronic structure 14

electronic structures and the
periodic table 40-1
electrons and the periodic table
15
gaining electrons to form negative
ions 21
losing electrons to form positive
ions 20-1
electroplating 72
copper plating 73
electroplating a metal object 72
why are objects electroplated? 72
zinc-plating copper metal 72-3
elements 10, 11
empirical formula 103
endothermic reactions 142, 143, 145,
152, 153, 154
energy changes 146-7
comparing the energy released by
fuels 148-9
measuring energy changes in
reactions 150
energy levels 9, 14
energy level diagrams 91, 152-3
energy transfers 144-5
energy transfers in solutions
150-1
equilibrium 130-1, 188
pressure 132
temperature 133
errors 195
esters 185
making esters 189
ethanoic acid 189
ethanol 186
ethanol as biofuel 169
making ethanol from ethene 173
ethene 173, 174
evaluation 197
exothermic reactions 142, 144, 152,
153, 154

=

fair testing 194

fermentation 169

filtration 78

flame tests 84

flammability 164

fractional distillation 164
crude oil 162, 164-5

fractions 162

freezing 5

fuel cells 158
hydrogen fuel cells 158-9
fuels 148-9
biofuels 168-9
burning fuels 166
fossil fuels 158, 159, 167, 168
pollution from fuels 167
fullerenes 33
functional groups 184

G

gases 4, 5
calculating volumes of gaseous
reactants or products 112-13
diffusion in gases 7
noble gas structure 40-1
testing for gases 82-3
volumes of gases 112
giant covalent structures 25, 32
bonding in graphite 33
fullerenes 33
giant ionic structures 22, 28-9
giant metallic structures 34-5
global dimming 167
gold alloys 53
graphite 33

H

Haber process 134-5
effect of a catalyst 137
effect of pressure 136
effect of temperature 137
half equations 59, 66
halide ions 86-7
halogens 46
displacement reactions between
halogens 47
properties 46
reactions 46-7
hazards 193
homologous series 184
hydration 146
making ethanol from ethene 173
hydrocarbons 162-3
cracking 172-3
properties of hydrocarbons 164
saturated hydrocarbons 163
unsaturated hydrocarbons 172
hydrochloric acid 189
hydrogels 178
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hydrogen 71
hydrogen fuel cells 158-9
hydrogen in the reactivity series
59
testing for hydrogen 82
hypotheses 193

independent variables 192
indicator, universal 42
inert substances 64
instruments 195
intermolecular forces 30-1
investigations 192
designing an investigation 194-5
fair testing 194
how might an independent
variable be linked to a
dependent variable? 192
making your investigation
repeatable, reproducible, and
valid 192
starting an investigation 193
thinking scientifically 192
iodides 86
ionic bonding 20, 22-3
giant structure or giant lattice 22,
28-9
ionic bonds 22, 100
representing ionic bonding 21
ions 20
forming ions 100
gaining electrons to form negative
ions 21
ions and the periodic table 22-3
losing electrons to form positive
ions 20-1
tests for negative ions 86-7
tests for positive ions 84-5
iron 34, 54
cast iron 54
isotopes 17

L

lattices 22
light-sensitive plasters 178
limewater 60
line graphs 196
liquids 4, 5
diffusion through liquids 6
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M

macromolecules 32
magnesium 56
mass number 13, 16
measurements 195
melting 5
alkali metals 42
metal carbonates 60
investigating carbonates 61
testing for carbon dioxide 60
thermal decomposition 61
metal crystals 26
growing silver crystals 26
metals 34, 56
alkali metals 42-3
alloys 34, 53
displacement reactions 58-9
explaining the properties of
metals 35
iron and steels 54-5
making models of metals 34
metallic bonding 27
metals plus dilute acid 57
metals plus water 56
predicting reactions 56
reactive metals 41
transition elements 41, 44-5
transition metals 52-3
methanol 186
mixtures 78, 162
crystallisation 78-9
distillation 79
filtration 78
molecules 11, 100
intermolecular forces 30-1
molecular formula 103
simple molecules 24-5, 30
moles 101
monomers 174
different monomers 176
how do monomers join together?
175

N

nanoscience 36
future developments? 37
nanoscience at work 36
possible risks 37
neutral substances 90
neutralisation reactions 92
neutrons 9, 13

———————————————————————— e

nitrogen oxides 167

noble gases 40-1

non-metals 41

non-renewable resources 124, 159,
168

nucleus 8-9

(0

observation 193
oil 162, 164-5
ores 56
organic compounds 184
oxidation 59
alcohols 187
oxidised fuels 166
oxygen, testing for 82

P

paper chromatography 80-1
particles 4, 5, 6, 120
diffusion 6-7
particulates 167
pattems 196-7
percentage by mass 102
working out the empirical formula
of compounds 103
periodic table 10, 40
electronic structures and the
periodic table 40-1
electrons and the periodic table
15
explaining the trend in Group 1
48-9
explaining the trend in Group 7 49
Group 1 alkali metals 42-3
groups 11
halogens 46-7
ions and the periodic table 22-3
reactivity within groups 48
transition elements 41, 44-5
trends 48
pH scale 90
pipettes 108
plasters, light-sensitive 178
plastics 174-5
evaluating plastics 179
plastic waste 180-1
polymers 174-5, 176, 178
biodegradable polymers 180-1
bonding in and between polymer
chains 177
different monomers 176
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different reaction conditions 176
hydrogels 178
light-sensitive plasters 178
modifying a polymer 177
new uses for old polymers 179
polymerisation 175
shape memory polymers 179
thermosoftening and
thermosetting polymers 176-7
precipitation 95
precision 195
predictions 193
pressure 122-3
equilibrium 132
Haber process 136
products 99, 100
propanol 186
propene 174
protons 9, 12, 13
proton number 40, 44

R

random errors 195
rates of reaction 116
collision theory 118
determining the rate of reactions
11617
effect of concentration or
pressure 122-3
effect of temperature 120-1
surface area and reaction rate
118-19
reactants 99, 100
reactivity series 56-7
hydrogen in the reactivity series
59
recycling 179
reduction 54, 59
relationships 193, 196-7
directly proportional relationships
197
relative atomic masses 100

relative formula masses 100-1
respiration 142
retention factor 81
reversible reactions 128
energy and reversible reactions
146-7
examples of reversible reactions
128-9
risk 193

S

safety considerations 193
salts 92-3
making a copper salt 93
making insoluble salts 94-5
precipitation 95
scatter graphs 196
shape memory alloys 35
shape memory polymers 179
silicon dioxide 32
smart polymers 179
sodium 187
sodium hydroxide 71, 84-5
solids 4, 5
stainless steels 55
state symbols 99
states of matter 4
changing state 4-4
cooling curve 5
energy changes during changes
of state 5
steam 56
steels 54
alloy steels 55
carbon steels 55
stainless steels 55
structural formula 184
sulfates 87
electrolysing copper sulfate
solution 74-5
sulfur dioxide 167
surface area and reaction rate 118-19

symbol equations 99
systematic errors 195

T

temperature 120-1
equilibrium 133
Haber process 136
thermal decomposition 61
thermosetting polymers 176-7
thermosoftening polymers 176-7
titrations 108-9
calculating concentrations 110
titration calculations 111
transition elements 41, 44
chemical properties 45
compounds of transition elements
45
physical properties 44
transition metals 52

Vv

variables 192, 194
relationships 193

viscosity 164

voltage 156-7

W

warming up 144
water

electrolysis 67

reaction with metals 42-3, 56
word equations 99

Y

yield 106-7
calculating percentage yield 106
sustainable production 107

y4

zinc 72-3
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