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International hazard warning symbols 
You w ill need to be fam iliar w it h these symbols when undertaking practica l experiments in the laboratory. 

Corrosive 

Thesesubstancesattackordestroylivingtissues, 

including eyes and skin . 

Harmful 

Thesesubstancesa resimilartotoxicsubstancesbut 

less dangerous. 

Irritant 

Thesesubstancesarenotcorrosivebutcancause red­

dening orblisteringoftheskin. 

Oxidising 

These substances provide oxygen which allows other 

materials to burn more fiercely. 

Toxic 

These substances can cause death. 

Highly flammable 

These substances can easily catch fire. 

Teachers and students should note that a new system for labelling hazards is being introduced between 2010 and 2015 and, in due 

course, you will need to become familiar with these new symbols: 

Physical Hazards 

~ ~ ~ 0 ~ 
Explosives Flammable Liquids Oxidizing Liquids Compr~d Gases Corrosive to Metals 

Health Hazards Environmental 
Hazards 

~~~~ ~ 
Acute Skin Corrosion Skinlrration CMRHSTOTH Hazardous to the 

Taxi city Aspiration Hazard Aquatic Environment 
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Preface to the reader 

This textbook has been written to help you in your 
study of chemistry to Cambridge !GCSE. The 
different chapters in this book arc split up into 
sho rt to pi cs . At the end o f many o f these to pics arc 
qu esti ons to test wh eth er you have und erstood what 
you have read. At the end of each chapter there arc 
larger study questio ns. Try to answer as many o f 
the questio ns as you c m as you come across them 
bccau st: asking and answerin g qu estio ns is at the 
heart o f your study o f chemistry. 

Some questio ns in the style o f C ambrid ge !GCSE 
examinati on papers arc included at the end o f the 
book. In many cases they arc desig ned to test your 
ability to apply your chemical knowkdgc. The 
qu estions may provide certain facts and ask you to 
make an interpretati on o f th em. In such cases, the 
factual informatio n may no t be covered in the text . 

To help draw attentio n to the m o re important 
words, scientific terms arc printed in bold the fir st 
time th ey arc used. There arc also checklists at the 
end o f each chapter summarising the impo rtant 
points covered. 

As you read through th e book, you will no tice 
three sorts o f shaded area in th e text. 

Material highlighted in green is for the Cambridge 
!GCSE Extended curriculum. 

Areas hi ghlighted in yellow contain material that 
is not part o f the Cam bridge !GCSE syllabus. It is 
extension work and will no t be examin ed. 

Questions are highlighted by a box like this. 

Yo u will sec fro m the box at the foot o f this page 
that the boo k is divided into four different areas 
o f chemistry: Starter, Ph ysical , Inorganic and Organic 
chemistry. We fed , however, that some to pics lead 
naturally o n to oth er topics not in th e sam e area. So 
you can , o f cou rse, read and study th e chapters in 
your own preferred order and the co lo ur coding will 
help you with this. 

The accompanying Revision CD-ROM provides 
invaluable exam preparatio n and practice. We want to 
test your kno wl edge with interactive questi o ns that 
cover bo th th e Core and Extend ed curriculum. These 
arc organised by syllabus to pic. 

Togeth er, th e textbook and C D-R01Vl will p ro,,ide 
you with the information you need for the Cambridge 
IG CSE syllabus. We hope you enjoy using them. 

Bryan Earl and Do ug Wilford 

We use different colo urs to define diffCrent areas o f chemistry: 

• 'starter ' chapters - basic principles 
• physical chemistry 
• ino rganic chemistry 
• organic chemistry and th e living wo rld. 

• 
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G) The particulate nature of matter 

Solids, liquids and gases 

The kinetic theory of matter 
Explaining the states of matter 

Changes of state 
Anunusualstateofmatter 
An unusual change of state 
Heat ing and cooling curves 

C hemistry is abo ut what matter is like and how it 
be haves, and o ur explanatio ns and predictio ns o f 
its behavio ur. What is matter? This word is used to 
cover all th e substan ces and materials fro m w hich 
the physical universe is composed. There arc man y 
milli o ns o f different substances known, and all of 
them can be categorised as solid s, liquids o r gases 
( Fig ure 1.1 ). These arc what we call th e three states 
of matter. 

a solid 

Figure 1.1 Waterinthreedifferentstates. 

Diffusion - evidence for moving particles 
Brownian motion 

Checklist 

Addit ional questions 

c gas 
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THE PARTICULATE NATURE OF MATTER 

• Solids, liquids and gases 
A solid, at a g iven temperature, has a definite volume 
and shape which may be affected by changes in 
temperature. Solids usually increase slightly in size 
when heated (expansion) (Figure 1.2 ) and usually 
decrease in size if coo led (contraction). 

A liquid, at a given temperature, has a 
fixed volume and will take up the shape of any 
container into which it is po ured. Like a solid , a 
liquid 's volume is slig htly affected by changes in 
temperature. 

A gas, at a given temperature, has neither a definite 
shape no r a definite volume. It will take up the shape 
of any container into which it is placed and will 
spread o ut evenly within it. Un like th ose o f so lid s 
and liquids, th e volumes o f gases arc affected quite 
markedly by changes in temperature. 

Liquids and gases, unlike solids, arc relatively 
compressibl e. This m eans that their volume can be 
reduced by the application o f pressure. Gases arc 
much more compressible than liquids. 

• The kinetic theory 
of matter 

The kinetic theory helps to explain the way in which 
matter behaves. The evidence is consistent with the 
idea that all matter is made up of tiny particles. This 
theory explains the physical properties of matter in 
terms o f the m ovem ent o f its constitu ent particles . 

• 

The main points of th e theory arc: 

• All matter is mad e up o f tiny, moving particles, 
invisible to the naked eye . Different substances 
have different types o f particles (atoms, m o lecules 
or ions) which have different sizes. 

• The particles move all th e time. The higher the 
temperature, the faster they m ove o n average. 

• H eavier particles move more slowly than lig hter 
ones at a given temperature . 

The kin etic theory can be used as a scientific model 
to explain how th e arrangement o f particles relates to 
the properties of the three states o f matter. 

Explaining the states of matter 
In a solid the particles attract o ne another. There 
arc attractive forces between th e particl es whi ch 
ho ld the m close t ogeth er. The particles have little 
freed o m o f m ovem e nt and can o nly vibrate abou t 
a fi xed position. They arc arranged in a regular 
manne r, whi ch exp lains w hy man y so lid s form 
cr ystal s. 

It is possible to model such crystals by using 
spheres to represent the particles (Fig ure 1. 3a). If th e 
spheres arc built up in a regular way then the shape 
compares very closely with that o f a part o f a chrome 
alum crystal (Fig ure 1. 3b). 

a Amodei of a chrome alum crystal. b An actual chrome alum crystal. 

Figure 1.3 

Studies using X-ray crystall ography (Figure 1.4) have 
confirmed how the particles arc arranged in crystal 
stru ctures. VVhc n crystals o f a pure substance form 
under a g iven set o f conditions, the particles present 
arc always packed in th e sam e way. H owever, th e 
particles may be packed in different ways in crystals 
o f different substances. For example , comm on salt 
(sodium chloride) has its particles arranged to give 
cubic crystals as shown in Fig ure 1.5. 



Figure 1.4 A modem X-r<11 crystallography instrument, used for stU(fying 
crystalstruc:ture. 

Figure 1.5 Sodium chloride crystals. 

The kinetic theory of matter 

ln a liquid the particl es arc still close togeth er but 
they move around in a random way and often collide 
with one ano ther. The fo rces of attraction between 
the particles in a liquid arc weaker than th ose in a 
solid. Particles in the liquid form of a substance have 
more energy on average than the particles in the solid 
fo rm of th e same substance . 

In a gas the particles are relatively fur apart. They arc 
frt..: to move anywhere \\~thin the container in which they 
arc held. They move randomly at very high velocities, 
much more rapidly than those in a liquid. They collide 
with t.-ach other, but less o ften than in a liquid, and they 
also collide with the walls of the container. They exert 
virtually no forces of attraction on each other because 
they arc relatively fur apart. Such forces, however, arc very 
significant. lfthcy did not exist we could no t have solids 
or liquids (sec Changes of state, p. 4 ). 

The arrangement of particles in solids, liquids and 
gases is shown in Figure I . 6 . 

solid 
Particles only v ibrate about fixed positions. 
Regular structure. 

liquid 
Particles have some freedom and can move 
around each other. Collide often. 

gas 
Particles move freely and at random in all 
the space available. Collide less often than 
in liquid. 

Figure 1.6 Thearrangementofparticlesinsolids, liquids and gases. 

Questions 
1 VV'hen a metal such as copper is heated it expands. Explain 

what happens to the metal particles as the solid metal expands. 
2 Use your research skills on the Internet to find out about 

the technique of X-ray crystallography and how this 
technique can be used to determine the crystalline structure 
of solid substances such as sodium chloride. 

0 



THE PARTICULATE NATURE OF MATTER 

• Changes of state 
The kinetic theory m odel can be used to explain 
how a substance changcs fro m o n e state to 
an o ther. If a solid is h eated th e particles vibrate 
faster as they gain energy. This makes th em ' push ' 
th cir neighbouring particles forthcr away from 
th emselves . This cau ses an increase in th e volume 
of the solid , and th e solid ex pands. Expansion has 
taken place . 

E ventually, the heat en ergy cau ses th e fo rces 
o f attrac tio n to weaken. The regular pattern o f 
the stru cture breaks d own. The particles can now 
m ove around each o ther. The solid has melted . 
The tcmpnaturc at whi ch thi s takes place is 
called th e melting point o f th e substa nce. The 
temperature o f a pure melting solid will no t ri se 
until it has all melted. When th e substance has 
become a liquid th ere arc still very significant 
fo rces of attraction between the particles, which is 
why it is a liquid ;md no t a gas. 

Solids which have high melting po ints have 
st ronger fo rces of attraction between their particles 
than th ose which have low melting points. A list of 
some substances with their corresponding melting 
and boiling points is shown in Table 1.1. 

Table 1 1 

Substance Meltingpointl°C Bo ilingpointl°C 

Aluminium 661 2467 

Ethanol -117 79 

Magnesium oxide 827 3627 

Mercury -30 357 

Methane -182 -164 

Oxygen -218 -183 

Sodium chloride 801 1413 

Sulfur 113 445 

Water 100 

If the liquid is heated the particles will move aro und 
even faster as their average energy increases . Some 
particles at the surface of th e liquid have enough 
energy to overcome the fo rces of attr.i.ction between 
themselves and the o ther particl es in the liquid and 
they cscapt: to fo rm a gas. The liquid begins to 
evaporate as a gas is formed . 

Eventu ally, a tempcr.i.turc is reached at which 
the particles arc trying to escape from the liquid so 
quickly that bubbles o f gas actually start to fo rm 
inside the bulk of th e liquid. This temperature is 

• 

call ed the boiling point of the substance. At the 
bo iling po int the pressure of the gas created above 
the liquid equals that in the air - atmospheric 
pressure. 

Liquids with high boiling points have stronger 
fo rct:s between their particles than liquids with low 
bo iling po ints. 

When a gas is cooled tht: avcr.i.gt: energy of the 
particles decreases and the particles move closer 
together. The fo rces of attraction between the 
particles now become significant and cause the gas 
to condense into a liquid. When a liquid is cooled 
it freezes to fo rm a so lid. In each of these changes 
energy is g iven out. 

C hanges of state arc examples of physical changes. 
\..Yhcncvcr a physical change of state occurs, th e 
temperature remains constant during the change 
(sec H eating and cooling curves, p . 5 ). During a 
physical change no new substance is fo rmed. 

An unusua l st ate of matter 
Liqu id crystals arc an unusual state o f matter 
(Figure 1.7 ). These substan ces look like liquids 
and flow like liquids but have some o rder in th e 
arrangement of the particles, and so in some ways 
th ey behave like crystals. 

Figure 1.7 A polarised light micrograph of liquid crystals. 

Liquid crystal s are now part o f our everyday 
life . They arc widely used in displays for di gital 
watches , calculato rs and lap -top computers, and 
in televisions (Figure 1.8 ). They arc also useful 
in thermometers because liquid crystals change 
colour as the temperature rises and fall s . 



Figure 1.8 Liquid crystals are used in this TV screen. 

An unusual change of state 
There arc a few substances that change directly from 
a solid to a gas when they arc heated with out ever 
becoming a liquid. This rapid spreadin g o ut o f the 
particles is called sublimation. Cooling cau ses a 
change from a gas directly back to a solid. Examples 
o f substances that behave in this way arc carbo n 
dioxide (Fig ure 1.9) and iodine. 

Figure 1.9 Dry ice (solid carbon dioxide) sublimes on heating and can be 
usedtocreatespecialeffectson stage. 

C arbon dio xid e is a white solid called dry ice at 
temperatures below - 78 °C. \¥ h en heated to just 
above -78 °C it changes into carbo n dioxide gas. The 
changes o f state arc summarised in Figure 1.10. 

Changes of state 

solid liquid gas 

Figure1.10 Summaryofthechangesofstate. 

Heating and cooling curves 
The g raph sh ow n in Figure 1.11 was dra w n 
by plo ttin g th e te mpe rature o f wat er as it was 
he ated ste adil y fr o m - 15 °C t o 110 °C. Yo u can 
sec fro m th e cur ve that changes o f state ha ve 
ta ken place. \¥h e n th e te mperature w as firs t 
m easured o nl y ic e was present. After a sh o rt tim e 
th e curve flatte ns, sh owin g that eve n th o u g h 
he at en ergy is be in g put in , th e te mpe rature 
re mains co n stant. 

110 
100 - - - - - - - - - - - - ------

U I liquid and I all 

)ro : !~st~:~~~ : gas 
.;= 

1 
water 

1 

1 

vapour) 

[ a11 1 

E liquid 1 

-2:! 0 all = ,-01""1a'"', "',a" 1"'iqu""1a7 ,' ~~~~ : 
-15 so 1d l(ice and liquid I I 

(ice) lwater) 1 

time/minutes 
Figure 1.11 Graph of temperature against time for the change from ice 
at -15 •c to water to steam. 

ln ice the particles o f water arc close together and arc 
attracted to o ne an other. Fo r ice to melt the particles 
must o btain sufficient energy to overcom e th e fo rces 
o f attractio n between the water particles to allow 
relative m ovem ent to take place. This is where the 
heat energy is going. 

The temperature will begin to ri se again o nly after 
all th e ice has melted. G enerally, th e heatin g curve 
fo r a pure solid always sto ps ri sin g at its meltin g 
po int and gives rise to a sharp melting po int. A 
sharp melting po int indicates a pure sample . The 
additio n o r presence o f impurities lowers the 
melting po int. Yo u can try to find the melting 
po int o f a substance using the apparatus shown in 
Fig ure 1.1 2 . • 
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rubber band 

o il 

the rmometer 

melting point 
tube 

solid 

Figure 1.12 Apparatus shown here if heated slowly c.an be used 
to find the melting point of a substance such as the solid in the melting 
point tube. 

In the s:um: way, if you want to b o il a liquid su ch 
as water you have to g ive it som e extra en ergy. This 
can be seen o n the graph (Figure 1.11 ) where the 
cur ve levels out at 100 °C - th e boiling point of 
wa ter. 

Solids and liquids can be identified from th eir 
characteristic melting and boiling points. 

The reverse processes o f condensing and freezing 
occur on cooling . This tim e, h owever, energy is g iven 
o ut when the gas cond enses to the liq uid and the 
li quid freezes to give the solid. 

Questions 
1 Write down as many uses as you can for liquid crystals. 
2 Why do gases expand more than solids for the same 

increase in temperature? 
3 Ice on a car windscreen will disappear as you drive 

along, even without the heater on. Explain why this 
happens. 

4 When salt is placed on ice the ice melts. Explain why. 
5 Draw and label the graph you would expect to produce if 

water at 100°( was allowed to cool to -S 0 C. 

• Diffusion - evidence for 
moving particles 

VVh en you walk past a cosm etics counter in a 
department sto re you can usu ally smell th e perfi.unes. 
Fo r this to happe n gas particles must be leaving o pen 
pcrfomc bottles and be spreading o ut th rough th e 
air in the sto re. This spreading out o f a gas is called 
dif fus io n and it takes place in a haphazard and 
rando m way. 

0 

All gases diffu se to fill th e space available. In 
Fig ure 1.1 3, after a d ay the brown- red fumes o f 
gaseous b romine have spread evenly thro ug ho ut 
b o th gas jars fro m th e li q uid present in th e lowe r 
gas jar. 

Figure 1.13 After 24 hours the bromine fumes have diffused throughout 
both gas jars. 

Gases diffi.1sc at different rates . If o n e piece o f 
cotto n wool is soa ked in con centrated amm onia 
soluti o n and an o ther is soaked in concentrated 
hyd rochl oric acid and these arc put at o pposite 
ends of a dry gla ss tube, then after a few minutes 
a white cloud o f amm o nium chloride appears 
(Fig ure 1.14 ). This shows th e positio n a t whi ch 
th e two gases meet and react . The white cloud 
fo rms in the positi o n shown because the amm o nia 
particles arc lig hter and have a sm aller rela tive 
m olecular m ass (C h apter 4 , p. 62 ) than the 
hyd rogen chlo ride particles ( released fro m th e 
hyd rochl oric acid ) and so m ove faste r. 

Diffusio n also takes pl ace in liq uid s (Fi gure 1.1 5) 
but it is a mu ch slower process than in gases. This 
is because the particles o f a liq uid m ove much m ore 
slowly. 

W hen diffi.1sion takes place between a liquid and a gas 
it is known as intimate mixing . The kinetic theory can 
be used to explain this process. It states that collisions 
arc taking place rando mly between particles in a liquid 
or a gas and that there is sufficient space between the 
particles o f one substance for the particles o f the o ther 
substance to move into . 



Figure 1.14 Hydrochloric acid (left) and ammonia (right) diffuse at 
differentrate5. 

G! 
I 

a b 
Figure 1.15 Diffusion within nickel(1)sulfatesolutioncantakedaysto 
reachthestageshownontheright. 

Diffusion - evidence for moving particles 

Questions 
1 When a jar of coffee is opened, people in all parts of the 

room soon notice the smell. Use the kinetic theory to 
explain how this happens. 

2 Describe, with the aid of diagrams, the diffusion of 
nickel(u) sulfate solution. 

3 Explain why d iffusion is faster in gases than in liquids. 

Brownian motion 
Evidence fo r th e movement of particles in liquids 
came to li ght in 1827 when a botanist, Ro bert 
Brown, observed that fine po llen g rains on the 
surface of water were no t stationary. Through his 
microscope he noticed th at the g rains were mm'ing 
about in a random way. It was 9 6 years later, in 
1923, that ano ther scientist called Norbert Wiener 
explained what Brown had o bserved. He said that 
the po llen grains were m oving because the mu ch 
smaller and faster-moving water particles were 
constantly colliding with them (Figure 1.1 6a ). 

1l1is random motion of visible particles (pollen grains) 
caused by much sm aller, invisible ones (water particles ) 
is ea.lied Brownian motion (Figure 1.16b ), after the 
scientist who first observed this plu.110menon. It was used 
as evidence fo r the kinetic particle modd of matter (p. 3). 

Figure 1.16a Pollen particle being bombarded by water molecules. 

• 
Figure 1.16b Brownian motion causes the random motion of the visible 
particle. 

• 
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Checklist 
After studying Chapter 1 you should know and understand the 
following terms. 
• Atmospheric pressure The pressure exerted by the 

atmosphere on the surface of the Earth due to the weight 
of the air. 

• Boiling point The temperature at which the pressure of 
the gas created above a liquid equals atmospheric pressure. 

• Condensation The change of a vapour or a gas into a 
liquid. This process is accompanied by the evolut ion of heat. 

• Diffusion The process by which different substances mix 
as a result of the random motions of their particles . 

• 

• Evaporation A process occurring at the surface of a liquid 
involving the change of state of a liquid into a vapour at a 
temperature below the boiling point. 
Kinetic theory A theory which accounts for the bulk 
properties of matter in terms of the constituent particles. 
Matter Anything which occupies space and has a mass. 
Melting point The temperature at which a solid begins to 
liquefy. Pure substances have a sharp melting point. 
Solids, liquids and gases The three states of matter to 
which all substances belong. 

• Sublimation The direct change of state from solid to gas 
and the reverse process. 
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• Additional questions 
1 a Draw diagrams to show the arrangem ent o f 

particles in: 
( i) solid lead 
( ii) molten lead 
(iii) gaseous lead. 

b Explain how the particles m ove in these three 
states o f m atter. 

c Explain , using the kinetic theory, what happens 
to the particles in oxygen as it is cooled down. 

2 Explain the m eanin g o f each o f the fo llowing 
terms. In your answer include an example to help 
with your explanatio n. 
a Expansio n . d Sublimation. 
b Contractio n. e Diffusio n. 
c Physical change. f Rando m m o ti on. 

3 :i Why do solids not diffuse? 
b Give two examples of diffu sion of gases and 

liquids found in the house. 

4 U se th e kinetic th eory to explain th e followin g: 
:i When you take a block o f butter o ut o f 

th e fridge, it is quite hard. H owever, after 
15 minutes it is soft enough to spread. 

b When you com e ho me fro m school and open th e 
door you can smell your tea being cooked. 

c A football is blown up until it is hard o n a ho t 
summer's day. In th e evening the football feels 
softer. 

d When a person wearing perfume enters a roo m 
it takes several minutes fo r the sm ell to reach th e 
back o f the room. 

e A windy day is a good drying day. 

5 The apparatu s shown below was set up. 

cotton w ool soaked 
in concentrated 
hydrochloric ac id 

glass tube 

I Pll 
cotton w ool soaked 
in concentrated 
ammonia solution 

Give explanatio ns fo r th e followin g o bservatio ns. 
:i The fo rmatio n o f a white cloud . 
b It took a fe w minutes before the white clo ud 

fo rmed. 

c The white clo ud fo rmed furth er fro m the cotton 
wool soaked in ammo nia. 

d Cooling the concentrated ammo nia and 
hydrochlo ric acid before carrying o ut the 
experim ent increased the time taken fo r the 
white clo ud to fo rm. 

6 The fo llowing diagram shows th e three states o f 
matter and how they can be interchanged. 

a Na.me the changes A to E . 
b Name a substance which will undergo change E . 
c Name a substance which will undergo changes from 

solid to liquid to gas between 0 °C and 100 °C. 
d D escribe what happens to the particles o f the 

solid during change E. 
e Which o f th e changes A to E will involve: 

(i) an input o f heat energy? 
(ii) an o utput o f heat energy? 

7 Some ni ckd(11 ) sulfate solutio n was carefull y placed 
in the botto m o f a beaker o f water. The beaker was 
then covered and left fo r several days . 

beaker 

nickel(n) ~----~--:~:~~~~n 
a D escribe what you would sec after: 

(i) a few ho urs 
(ii) several days . 

b Explain your answer to a using your ideas o f th e 
kinetic theo ry o f particles. 

c What is the nam e o f the physical process that 
takes place in this experiment? 

0 



® Elements, compounds and 
experimental techniques 

Elements 
Atoms - the smallest particles 
Molecules 

Compounds 
More about formulae 
Balancing chemical equations 
Instrumental techniques 

Mixtures 
What is the difference between mixtures and compounds? 

Separating mixtures 
Separating solid,1iquid mixtures 
Separating liquid/liquid mixtures 

The universe is m ade u p o f a very large number o f 
substances (Fig ure 2. 1), and o ur own world is no 
nccption. If this vast array of substances is namincd 
more closely, it is found that they arc made u p o f some 
basic substances which wcn: given the nam e elements 
in 166 1 by Robert Boyle. 

Figure 2.1 The planets in the universe are made of millions of 
substances. These are made up mainly from just 91 elements w hich occur 
naturally on the Earth. 

In 1803, Jo hn D alto n (Figure 2.2 ) suggested that 
each clem ent was composed o f its own ki nd o f 
particles, whi ch he called ato m s. Ato ms arc mu ch too 
sm all to be see n. We now know that about 20 x 106 

o f them wo uld st retch over a length of o nly 1 cm. 

Separating solidr'solid mixtures 
Criteria for purity 

Accuracy in experimental work in the laboratory 
Apparatus used for measurement in chemistry 

Gels, sols, foams and emulsions 

Mixtures for strength 
Composite materials 

Checklist 

Additional questions 

• Elements 
Robert Boyle used the nam e clement fo r any 
su bstance that cann o t be broken down further, into a 
simpler su bstance. This definitio n can be ex tended to 
includ e the fac t that each clement is made up o f o nly 
o ne kind o f ato m. The word ato m comes fro m the 
G reek word atomos meaning ' unsplittable' . 



For c.xamplt: , aluminium is an clement whi ch is 
mad e up of only aluminium atoms. It is no t possible 
to obtain a simpler substan ce chemi cally from 
the aluminium atoms. You can only make more 
compli cated substances from it, such as aluminium 
ox ide, aluminium nitrate o r aluminium sulfatc. 

There are 118 ele ments which have now been 
identified . Twenty-seven of these do not occur in 
nature and have been made artificially by scientists. 
They include elements such as curium and 
unnilpentium . Ninety-one of the elements occur 
naturally and range from some very reactive gases, 
such as fluorine and chlo rine, to gold and platinum, 
which arc unreactive elements. 

All elements can be classified according to their 
vari ous properties. A simple way to do thi s is to 
classify them as met:ils or non-metals (Figures 2.3 
and 2.4, p. 12 ). Table 2.1 shows the physical data for 
some common metallic and non-metallic elements. 

You will no tice that many metals have high 
densities, high melting points and high boiling 
points, and that most non-metals have low de nsities, 
low melting points and low boiling points. Table 2.2 
summarises the diftCrent properties o f metals and 
non -metals. 

A discussio n of the chemical properties o f metals is 
given in C hapters 9 and 10. The chemical properties 
of certain non -metals are discussed in Chapters 9, 12 
and 13. 

Table 2.1 Physical data for some metallic and non-metallic elements at 
room temperature and pressure. 

Element Meta l or Density/ Melt ing Boiling 
non-metal gcm-l point!°( point!°( 

Aluminium Metal 2.70 660 2580 

Copper Metal 8.92 1083 2567 

Gold Metal 19.29 1065 2807 

Iron Metal 7.87 1535 2750 

L~d Metal 11.34 328 1740 

Magnesium Metal 1.74 649 1107 

Nickel Metal 8.90 1453 2732 

Silver Metal 10.50 962 2212 

Zinc Metal 7.14 420 907 

Carbon Non-metal 2.25 Sublimesat3642 

Hydrogen Non-metal 0.07° -259 -253 

Nitrogen Non-metal 0.88b -210 -196 

Oxygen Non-metal 1.15c -218 -183 

Sulfur Non-metal 2.07 113 445 

Source: Earl B., Wilford L.D.R. Chemistry data book. Nelson Blackie, 
1991 • At-254°C bAt-197 °C ' At-184'C. 

Elements 

aGoldisverydecorative. 

b Aluminium has many uses in the aerospace industry. 

cThesecoinscontainnickel. 

Figure2 .3 Somemetals. 

Tab le 2.2 How the properties of metals and non-metals compare. 

Property Metal Non-metal 

Physical state at room Usually solid Solid, liquid or gas 
temperature (occasionally liquid) 

Malleability Good 

Ductility Good 

Poor-usuallysoftor 
t--------t--------1 brittle 

Appearance(solids) Shiny(lustrous) Dull 

Melting point Usually high Usually low 

Boiling point Usually high Usually low 

Density Usually high Usually low 

Conductivity(thermal Good Very poor 
and electrical) 

• 
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a A premature baby needs oxygen. 

b Artists often use charcoal {carbon) to produce an initial sketch. 

c Neon is used in advertising signs 

Figure 2.4 Some non-metals. 

Atoms - the smallest particles 
Ever ything is mad e up of billions of ato ms. The 
ato ms o f all elements arc extremely sm all ; in 
fact th ey arc too sm all to be seen. The sm allest 
atom known is hydrogen, with each atom being 
represented as a sphere having a diam eter o f 
0.00000007 mm (or 7 x 10-8 mm) (Table 2.3 ). 
Ato m s o f different elem ents have diffCrcnt diam eters 
as well as different masses . H ow many ato m s o f 
hyd rogen would have to be placed side by side 
alo n g the ed ge o f your ruler to fill just on e o f th e 
I mm division s1 

Table 2.3 Sizes of atoms. 

Atom Diameter of atom/mm 

Hydrogen ] X JQ---11 

Oxygen 12 X 10---8 

Sulfur 20.B x 10---11 

C hemists u se shorthand symbo ls to label th e 
elem ents and their ato m s. The symbo l consists o f 
o ne, two or three letters, th e first o f which must be a 
capital. W here several elem ents have the sam e initial 
letter, a second letter o f th e nam e o r subsequ ent 
letter is added. For example, C is used fo r carbon, 
Ca fo r calcium and Cl fo r chlorine. So me symbo ls 
seem to have no rela tio nship to the n am e o f the 
clem ent, fo r example Na fo r sodium and Pb fo r 
lead. These sym bols com e fro m their Latin nam es, 
n atrium fo r sodium and plumbum for lead. A list o f 
som e comm on elements and their symbo ls is given in 
Table 2.4. 

Molecules 
The ato m s o f som e elem ents arc jo ined together in 
sm all groups. These small groups o f ato m s arc ca ll ed 
molecules . Fo r example, the ato m s o f the elem ents 
hyd rogen , oxygen , nitrogen , flu o rin e, chlo rine, 
b romin e and io din e are each jo in ed in pairs and they 
arc kn own as dia to mic molecules. In the case o f 
phosph o ru s and sulfor th e ato ms are jo in ed in larger 
numbers, four and eig ht respectively ( P4 , S8 ) . In 
ch emical shorthand the m o lecule o f chlorine shown 
in Fi g ure 2.5 is written as C l2 . 



Table 2.4 Some common elements and their symbols. The Latin names 
ofsomeoftheelementsaregiven in brackets. 

Element Symbol Physical st at e at room 
temperature and pressure 

Aluminium Al Solid 

Argon A, Gas 

Barium Ba Solid 

Soroa Solid 

Bromine ,, Liquid 

Calcium Ca Solid 

Carbon Solid 

Chlorine Cl Gas 

Chromium c, Solid 

Copper (Cuprum) c, Solid 

Fluorine Gas 

Germanium Ge Solid 

Gold(Aurum) A, Solid 

Helium He Gas 

Hydrogen Gas 

Iodine Solid 

lron(Ferrum) Fe Solid 

Lead(Plumbum) Pb Solid 

Magnesium Mg Solid 

Mercury(Hydragyrum) Hg Liquid 

Nroa Ne Gas 

Nitrogen Gas 

Oxygen Gas 

Phosphorus Solid 

Potassium(Kalium) Solid 

Silicon Solid 

Silver(Argentum) Ag Solid 

Sodium {Natrium) Na Solid 

Sulfur Solid 

Tin(Stannum) Sa Solid 

Zinc Za Solid 

The complet e list of the elements w ith their corresponding symbols 
is shown in the Periodic Table on p. 294. 

The gaseous elem ents helium , neon , argon , 
krypto n , xeno n and rado n arc composed o f separate 
and individual ato ms. When an clement ex ists 
as se parate ato ms, then th e m o lecules arc said 
to be monatomic. In chemi cal sho rth and these 
m o nato mi c m o lecules arc written as H e, Ne, Ar, Kr, 
Xc and Rn respectively. 

a As a letter-and-stick model. 

b As a space-filling model. 

Figure2.S Achlorinemolecule. 

Compounds 

Cl- Cl 

M olecules arc no t always fo rmed by ato ms o f th e 
sam e type jo ining together. For example, water exists 
as m olecules containing oxygen and hyd rogen ato ms. 

Questions 
1 How would you use a similar chemical shorthand to write a 

representation of the molecules of iodine and fluorine? 
2 Using the Periodic Table on p. 294 write down the symbols 

for the following elements and give t heir physical states at 
room temperat ure: 
a chromium b krypton c osmium. 

• Compounds 
Compm mds arc pure su bstanccs which arc formed when 
two or more elements chemically combine together. 
Water is a simple compound fo rmed from the elements 
hydrogen and oxygen (Figure 2 .6 ). This combining of 
the elements can be represented by a word equatio n: 

Hydrogen 
a pure 
element 

hyd rogen + oxygen ---,. water 

Oxygen 
a pure 
element 

Hydrogen and 
oxygen mixed 
t ogether 

Water 
a pure 
compound 
formed from 
hydrogen 
burning in 
oxygen 

Figure 2.6 The element hydrogen reacts with the element oxygen to 
produce the compound water. 
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\..Yater m o lecules co ntain two ato ms o f hyd rogen 
and one atom o f o xygen , and hence water has 
the chemical fonnula H 20 . Elemen ts o ther than 
hyd rogen will also react with oxygen to form 
compo und s called oxides . Fo r example, magm:sium 
reacts vio lently with oxygen gas to fo rm th e white 
powder magnesium oxide (Fi gure 2.7). This reaction 
is accompanied by a release o f energy as new chemical 
bonds arc fo rmed. 

Figure 2.7 Magnesium burns brightly in oxygen to produce magnesium 
oxide. 

When a new substance is fo rmed during a chemical 
reactio n , a chemic.-.1 change has taken place. 

magnesium + oxygen ----> mag nesium ox id e 

\iVhcn substances such as hyd rogen and magnesium 
combin e with oxygen in this way they are said to have 
been oxidised. The p rocess is kn own as oxidation. 

Reduction is th e o pposite o f oxidatio n. In this 
p rocess oxygen is rem oved instead o f being add ed . • 

A redox reactio n is o ne whi ch involves the two 
processes o f redu ctio n and oxidatio n. Fo r example , 
the o xygen has to be rem oved in th e extracti on 
o f iron fro m iron(m ) ox ide . This can be do ne in a 
blast furnace with carbon mo noxide. The iron(m ) 
o xide loses o xygen to the carbon m ono xide and is 
reduced to iron. C arbo n m onoxide is the reducing 
agent. A reducin g agent is a substance that reduces 
an o ther substance during a redo x reactio n. Carbo n 
m o noxide is o xidised to carbon dio xide by the 
iron(m ) oxide. 1l1c iron(m ) o xide is the oxidising 
agent. An oxidi sing agent is a substance which 
o xidises ano ther substance during a rcdo x reacti on. 

iron(m ) + carbo n ---> iron + carbo n 
oxide m onox ide dioxide 

Fo r a furth er discussion o f o xidatio n and reduction 
sec Chapter 3 (p. 39) and C hapter 5 (p. 73 ). 

Bo th reduction and oxidation have taken place in 
this chemical process, and so this is known as a redox 
reactio n. 

More about formulae 
The fo rmula of a compound is ma.de up from the 
symbols of the elements present and numbers to show 
the ratio in which the different ato ms arc present. 
Carbon dioxide has the formula C 0 2 . This tells you 
that it contains one carbo n ato m fo r every two oxygen 
ato ms. The 2 in th e fo rmula tells you that there arc 
two oxygen ato ms present in each m o lecule o f carbon 
dioxide. Fo r further discussion sec p. 43 . 

Table 2.5 shows the names and fo rmulae of som e 
comm o n compounds whi ch you will m eet in your 
study o f chemistry. 

Table 2.5 Names and formulae of some common compounds. 

Compound Formula 

Ammonia NH 

Calcium hydroxide Ca(OH)2 

Carbon dioxide co, 
Copper sulfate 

Ethanol(alcohol) 

Gltx:ose 

Hydrochloric acid HCI 

Nitric acid 

Sodium carbonate 

Sodium hydroxide NaOH 

Sulfuricacid 



The ratio o f ato ms within a chemical compound 
is usually constant. Compo und s an:: mad e up o f 
fi xed proportions o f elemen ts: they have a fi xed 
compositio n. Chemists call this the Law of co nstant 
composition. 

Balancing chem ica l equat ions 
Wo rd equatio ns are a useful way o f representing 
chemical reacti o ns but a better and m o re useful 
method is to produce a balanced chemic."11 equation. 
This type o f equatio n gives the formulae o f the 
reactants and th e produ cts as well as showing the 
relative numbers o f each particle involved. 

Balanced equati o ns o ften include th e physical state 
symbols: 

(s) =solid, (!) = liquid, (g) = gas, (aq) = aqueous solution 

The wo rd equatio n to represent th e reaction between 
iron and sulfur is: 

iron + sulfor ~ iron(11 ) sulfide 

\.Yh en we replace the words with symbo ls fo r the 
reactants and th e produ cts and include their physical 
state symbo ls, we o btain: 

Fc(s) + S(s) ----""--. FcS(s) 

Since there is the sam e number o f each type o f atom 
o n both sides o f the equatio n this is a balanced 
chemical equati o n. 

In the case o f magnesium reactin g with o xygen , 
the word equatio n was: 

magnesium + o xygen ~ magnesium oxide 

\.Yh cn we repl ace the words with symbo ls fo r the 
reactants and th e produ cts and include their physical 
state symbo ls, it is impo rtant to rem ember that 
oxygen is a diato mic mo lecule: 

Mg(s) + 0 2(g) ----""--. MgO(s) 

ln the equatio n there are two o xygen ato ms 
o n the left-hand side (0 2 ) but o nly o ne o n the 
right (MgO ). We cann o t change th e fo rmula o f 
mag nesium o xide, so to produce th e necessary two 
oxygen atom s o n the right-hand side we will need 
2Mg0 - this mean s 2 x MgO. The equatio n now 
becomes: 

Mg(, ) + 0 2(g) ----""--. 2Mg0 (, ) 

Compounds 

There are now two ato ms o f mag nesium o n the 
right-hand side and o nly o ne o n the left. By placing a 
2 in fro nt o f the magnesium, we o btain th e following 
balanced chemical equatio n: 

2Mg(, ) + 0 2(g) ----""--. 2Mg0 (, ) 

This balanced chemical equatio n now shows us that 
two ato ms o f mag nesium react with o ne m o lecule 
o f o xygen gas when heated to produ ce two units o f 
magnesium oxide. 

Instru ment al t echniques 
Elements and compo unds can be de tected and 
id entifie d by a vari ety o f instrumental m etho d s. 
Scientist s have deve lo pe d in strumental t echniqu es 
that all ow u s to pro be and di scover w hi ch 
el em e nts are present in the substance as well 
as how th e at o m s are arranged w ithin th e 
substance . 

Many o f the in strumental me th o ds that have 
been develo ped arc quite sophisticated. So m e 
m eth o ds arc suited t o identi fy in g e lements . Fo r 
example , ato mi c absorpti o n spect roscopy all ows 
the cleme nt to be identified and also all ows the 
quantity o f th e cle m ent that is present t o be found 
(Fig ure 2.8 ). 

Figure2.8 Thisinstrumentallowsthequantityofaparticular element 
to be found. It is used extensively throughout industry for this purpose. 
It will allow even tiny amounts of a particular element to be found. 

So me metho ds arc particularly suited to the 
identificatio n o f compo unds. For example, infrared 
spect roscopy is used to id entif)1 compounds by 
showing th e presence o f particular gro upings o f 
ato ms (Figure 2 .9 ). 
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Figure 2.9 This is a modem infrared spectrometer. It is used in analysis 
to obtain a so-called fingerprint spectrum of a substance that will allow 
thesubstancetobeidentified. 

lnfrarcd spect roscopy is used by the pharmaceutical 
industry to identify and discriminate between dru gs 
that arc similar in stru cture, fo r example penicillin­
type drugs. U sed bo th with organic and inorganic 
m o lecules, this m ethod assumes that each compound 
has a uniqu e infrarcd spectrum. Samples can be so lid , 
liquid or gas and arc usually tin y. H owever, N e, H e, 
0 2 , N2 o r H 2 canno t be used. 

This m ethod is also used to m onitor enviro nmental 
po llutio n , and has biological uses in m o nitoring 
tissue physiology including oxygenation , respiratory 
stah1s and blood flow damage . 

Fo rensic scientists make use o f bo th th ese 
techniqu es beca use they arc very accurate but they 
o nl y require tin y am ounts o f sample - o fte n o nl y 
sm all am o unt s o f sample arc found at crim e sce nes. 
Othe r techniques utilised arc nucl ear magnetic 
resonan ce spectrosco py and ultravio let/visibl e 
spec troscopy. 

Questions 
1 Write the word and balanced chemical equat ions for the 

react ions which take place between: 
a calcium and oxygen b copper and oxygen. 

2 Write down the ratio of the atoms present in the formula 
for each of the compounds shown in Table 2 .5. 

3 Iron is extracted from iron(111) oxide in a blast furnace by a 
redox reaction. What does the term 'redox reaction' mean? 

4 Identify the oxidising and reducing agents in the following 
reactions: 
a copper(n) oxide + hydrogen --+ copper + water 
b tin(u) oxide + carbon --+ tin + carbon dioxide 
c PbO(~) + Hi{g) --+ Pb(s) + H20(1) 

• 

• Mixtures 
Many everyday things arc not pure substan ces, 
they arc mixtures. A mixture contains more than 
o ne substance (elements and/or com po unds). 
An example o f a commo n mixture is sea watt:r 
(Figure 2 .10). 

Figure 2.10 Sea water is a common mixture. 

Other mixtures include the air, which is a mixture 
o f elements such as oxygen , nitrogen and neon and 
compo unds such as carbon dioxid e (sec Chapter 11 , 
p. 173), and alloys such as brass, which is a mixture 
o f copper and zinc ( fora further discussio n o f all oys 
sec Chapter l 0 , p. 165 ). 

What is t he d ifference between 
mixtures and compounds? 
There arc differences between compo unds and 
mixtures. This can be shown by considering the 
reactio n between iron filin gs and sulfur. A mixture 
o f iron filings and sulfur looks different fro m the 
individual elem ents (Figure 2 .11 ). This mixture has 
the properti es o f both iron and sulfur; fo r example , a 
magnet can be used to separate the iron filings fro m 
the sulfur (Fig ure 2 .12). 

Substances in a mixture have no t undergone 
a chemical reactio n and it is possible to separate 
them p rovided that there is a suitabl e difference 
in their physical p roperties . If the mixture o f iron 
and sulfor is heated a chemical reacti on occurs and 
a new substance is fo rmed called iron(n ) sulfid e 
(Figure 2 .11 ). The word equation fo r this reactio n is: 

iron+ sulfur ~ iron(11 ) sulfide 



Figure 2.11 The elements sulfur and iron at the top of the photograph, 
and (below) black iron(II) sulfide on the left and a mixture of the two 
elements on the right. 

Figure 2.12 A magnet will separate the iron from the mixture. 

During the reactio n hea t energy is g iven o ut as 
new chemical bonds arc fo rm ed. This is ca lled an 
exothermic reaction and accompanies a chemi ca l 
change (Chapter 6 , pp. 92 and 95 ). The iron(n ) 
sulfid e formed has to tally differe nt pro perties t o 
the mixture o f iron and sulfur (Table 2.6 ). l ro n(n ) 
sulfid c, fo r example, would no t be attracted 
towa rd s a magnet . 

Table 2.6 Different properties of iron, sulfur, an iron/sulfur mixture and 
iron(1)sulfide. 

Substance Appearance Effect of a Effect of dilute 
magnet hydrochloric acid 

Iron Dark grey Attracted Very little action when 
powder toil cold.Whenwarm, agas 

is produced with a lot of 
bubbling(effervescence) 

Sulfur Yellow None No effect when hot 
powder or cold 

lron/sulfur Dirty yellow Iron powder Iron powder reacts 
mixture powder attracted to it asalx>ve 

Iron(•) Black solid No effect Afoul-smelling gas is 
sulfide produced with some 

effervescence 

Separating mixtures 

Table 2.7 The major differences between mixtures and compounds. 

Mixture Compound 

It contains two or more substances It is a single substance 

The composition can vary The composition is always the same 

No chemical change takes place When the new substance is formed 
when a mixture is formed it involves chemical change 

Thepropertiesarethoseofthe Thepropertiesareverydifferentto 
individual elements/compounds those of the component elements 

The components may be The components can only be 
separated quite easily by physical separated by one or more chemical 

reactions 

In iron(n) sulfide, FcS, o ne atom of iron has 
combined with one atom of sulfur. No such ratio 
exists in a mixture of iron and sulfur, because the 
atoms have no t chemically co mbined. Table 2.7 
summarises how mixtures and compounds compare. 

Some common mixtures arc discussed in 
C hapter I O (p. 165) and C hapter 11 (p. 173). 

Question 
1 Make a list of some other common mixtures, stating what 

they are mixtures of. 

Many mixtures contain useful substances mixed 
with un wanted material. ln o rd er to obtain these 
useful substances, chemists o ften have to separate 
them from the impurities. Chemists have developed 
man y different meth ods of separation , particularly 
for separating compounds from complex mixtures. 
Which separation meth od th ey use depends on what 
is in the mixture and the properties o f the substances 
present. It also depends on wheth er the substances to 
be separated arc so lids, liquids or gases. 

Separating solid/liquid mixtures 
If a solid substance is added to a liquid it may 
dissolve to fo rm a solution. In thi s case the solid is 
said to be soluble and is called the solute. The liquid 
it has dissolved in is called the solvent. An example of 
this type of process is when sugar is added to tea or 
coffee. What o ther examples can you think of where 
this type of process takes place? 

Sometimes the solid docs not dissolve in the liquid. 
This solid is said to be insoluble. For example, tea 
leaves themselves do not dissolve in boiling water when 
tea is made from them, although the soluble materials 
from which tea is made arc seen to dissolve from them. 
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Filtration 
Wh en a cup o f tea is po ured throu gh a tea strain er 
you arc carrying o ut a filtering process. Filtratio n 
is a commo n separatio n techniq ue used in chemist ry 
laboratories through o ut the world. It is u sed when 
a so lid needs to be separated from a liquid . Fo r 
example, sand can be separated from a mixture with 
water by filtering th rough filter paper as shown in 
Figure 2. 13. 

The filt er paper contains ho les that , altho ug h too 
sm all to be seen , arc large en o ugh to a llow the 
m o lecules o f water throu gh but not the sand particles . 
It acts like a sieve. The sand gets trapped in the filter 
paper and the water passes th ro ug h it. The sand is 
called the residue and the water is called the filtrate . 

Decanting 
Vcgctabks d o n o t dissolve in water. W hen you h ave 
b oil ed som e vegetables it is easy to separate them 
fro m the water by pouring it o ff. This process is 
called decanting . This technique is u sed quite o ften 
to separate an in soluble solid , which has settled at the 
b ottom o f a flask, fro m a liquid. 

Centrifuging 
An o th er way t o separate a so lid fro m a liquid is 
to u se a centrifuge. This techniqu e is som etim es 
used instead o f filtratio n. It is u sually u sed wh en 
th e solid particles arc so sm all th at th ey spread o ut 
(di sperse ) th ro ug h o ut th e liquid and rem ain in 
su spensio n . They d o n o t settle t o the b o tto m o f 
the container, as heavier particles would d o, und er 
th e fo rce o f g ravity. The techniqu e o f centrifuging 
o r centrifugation invo lves the suspensio n being 
spun ro und ver y fast in a centrifuge so that 
th e solid gets flung to th e b o tto m o f th e tube 
(Fig ure 2. 14a and b ). 

b Anopencentrifuge. 

Figure 2.14 



The pure liquid can be decanted after the solid has 
been fo rced to the bottom of the tube. This method 
of separation is used extensively to separate blood cells 
from blood plasma (Figure 2.15 ). In this case, the 
solid particles (the blood cells) arc flung to the bottom 
of the tu be, allowing the liquid plasma to be decanted . 

Figure 2.15 Whole blood {top) is separated by centrifuging into blood 
cellsandplasma(bottom). 

Separating mixtures 

Evaporation 
If th e solid has dissolved in the liquid it canno t be 
separated by filtering or centrifug ing. Instead , the 
solution can be heated so that the liquid evaporates 
compl etely and leaves the so lid behind. The simplest 
way to obtain salt from its solution is by slow 
evaporation as shown in Figure 2.16. 

Figure 2.16 Apparatus used to slowly evaporate a solvent. 

Crystallisation 
In many par ts o f th e world salt is o btained from 
sea water on a vast scak . This is done by using 
th e heat o f th e sun to evaporate the water to lea ve 
a saturated solution of salt kn own as brine. A 
saturated solution is defin ed as one that contains 
as much solute as ca n be dissolved at a particular 
temperature . When th e so lution is saturated the salt 
begins to crystallise , and it is removed using large 
scoops (Figure 2 .17). 

Figure 2.17 Salt is obtained in north-eastern Brazi l by evaporation 
of seawater. 

• 
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Simple distillation 
If we want to obtain the solvent fro m a solutio n, 
then th e process o f distillation ca n be carri ed o ut. 
The apparatus used in this process is shown in 
Figure 2. 18 . 

• heat 

Figure 2.18 Water can be obtained from salt water by distillation. 

Water can be o btained fro m salt water using this 
m eth od. The solutio n is heated in the fl ask until it 
boils. The steam rises into th e Liebig cond enser, 
where it condenses back into water. The salt is left 
behind in th e fl ask. In ho t and arid countries such 
as Saudi Arabia this sort o f technique is used o n a 
much larger scale to o btain pun: water for drinking 
(Fig ure 2. 19 ). This process is carri ed o ut in a 
desalinatio n plant. 

Separating liquid/liquid mixtures 
ln recent years there have been many o il tanker 
disasters, jll st like the o ne shown in Fig ure 2 .20. 
These have resulted in millio ns o flitrcs o f oil being 
washed into the sea. Oil and water do no t mix easily. 
They arc said to be immiscible. Wh en cleaning llp 
disasters o f this type, a range o f chemicals can be 
add ed to the o il to ma.kc it m o re soluble. This results 
in the o il and water mixing with each other. They arc 
now said to be miscible . The following techniqu es 
can be used to separate mixtures o f liqllid s . 

Figure 2.20 Millions of litres of oil are spilt in tanker disasters and 
cleaningupis a slowandcostlyprocess. 

Liquids which are immiscible 
lf two liquids a.re immiscible th ey can be separated 
using a separating funnel. The mixture is po ured 
into th e funnel and the layers allowed to separate. 



Figure2 .21 The pink liquid ismoredensethantheclearoilandsosinks 
to the bottom of the separating funnel. When the tap is opened the pink 
liquid can be run off. 

Li quids which are miscib le 
If miscible liquids arc to be separated, then this can 
be do ne by fractional distillation. The apparatus 
used fo r thi s process is shown in th e photo and 
diag ram in Fig ure 2 .22, and could be used to 
separate a mixture o f ethan o l and water. 

Fracti onal distillatio n relics upon th e liquids 
ha,,in g different bo iling po ints. When an eth ano l and 
water mixture is heated th e vapours o f ethano l and 
water boil o ff at different temperatures and can be 
condensed and collected separately. 

Ethano l boils at 78 °C whereas water bo ils at 
I 00 °C . When the mixture is heated the vapo ur 
produced is mainly ethan ol with som e steam. 
Because water has the higher boiling po int o f the 
two, it cond enses o ut fro m the mixture with ethan o l. 
This is what takes place in th e fractio natin g column. 
The water cond enses and drips back into th e flask 
while th e ethano l vapo ur m oves up the co lumn and 
into the condenser, where it condenses into liquid 
ethano l and is collected in th e receivin g flask as the 
distillate. When all the ethano l has distilled over, 
the temperature reading on the th ermo m eter rises 

Separating mixtures 

flask 

support 

Figure2.22 Typicalfractionaldistillationapparatus. 

steadily to I 00 °C, showing that the steam is now 
enterin g the condenser. At this po int the receiver can 
be changed and th e condensing water can now be 
collected. 



2 ELEMENTS, COMPOUNDS AND EXPERIMENTAL TECHNIQUES 

Fractio nal di stillatio n is ll scd to separate miscible 
liquids such as those in crud t: o il (st:c Figure 2 .2 3a 
and p. 90), and the technique can also separate 
individual gases, such as nitrogen, fro m th e mixture 
we call air (sec Figure 2.23b and p. 174 ). 

Figure2.23 

Separating solid/solid mixtures 
Yo u saw earlier in this chapter (p. 16) that it was 
possible to separate iron fro m sulfur using a magnet. 
ln that case we were using o ne o f the physical 
p roperties o f iron , that is, the fact that it is mag netic. 
ln a similar way, it is possible to separate scrap iron 
fro m o ther m etals by using a large elect romagnet like 
the o ne shown in Fig ure 2 .24. 

Figure 2.24 Magnetic separation of iron-containing materials. 

It is essential that when separating solid/solid mixtures 
you pay particular attention to the individual physical 
properties of the components. If, for example, you wish 
to separate two solids, one o f which sublimes, then this 
property should dictate the method you employ. 

In the case o f an iodine/salt mixture the iodine 
sublimes but salt docs no t. Iodine can be separated 
by heatin g the mixture in a fume cupboard as shown 
in Figure 2 .25. The iodine sublimes and re-fo rm s o n 
the cool inverted fi.mnel. 

Figure2.25 Apparatusused toseparatean iodinelsaltmixture. 
Theiodinesublimesonheating. 



Chromat og ra phy 
Wh at happens if you have to separate two o r mo re 
solids that arc soluble? This type o f problem is 
encountered when you have mixtures o f colo ured 
materials such as in ks and d yes . A techniqu e called 
chromatography is widely used to separate these 
materials so that they can be id entified . 

There arc several types o f chromatography; however, 
they all follow the same basic principles. The simplest 
kind is paper ch romatography. To separate the different­
coloured dyes in a sample of black ink, a spo t of the ink 
is put on to a piece of chromatography paper. 1l1is paper 
is then set in a suitable solvent as shown in Figure 2 .26. 
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b The black ink separates into three dyes: P. Q and R. 

Figure2 .26 

Separating mixtures 

As the solvent m oves up th e paper, the d yes arc 
carried with it and begin to separate . They separate 
because the substances have different solubilitics in 
the solvent and arc absorbed to different degrees 
by the ch romatography paper. As a result, th ey arc 
separated g radually as the solvent m oves up the paper. 
The chroma togram in Fig ure 2.26b shows how the 
ink co ntains three dyes, P, Q and R. 

Numeri cal m easurem ents ( re tardatio n fact o rs) 
kn own as Rf values can be o btained fro m 
chromatogram s. An Rf valu e is de fined as th e 
ratio o f the distance tra velled by the solute ( for 
example P, Q o r R) to the di stance travelled by 
the solvent. 

C hromatography and elect ropho resis (separatio n 
according to electrical charge) arc used extensively in 
medical research and fo rensic science laborato ri es to 
separate a variety o fmixtun:s (Figure 2 .27 ) . 

Figure 2.27 Protein samples are separated by electrophoresis in medical 
research laboratories. 

The substan ccs to be separated do no t havc to 
be colo ured . Colo urless substances can be mad e 
visible by spraying the chromatogram with a 
locating agent. The locating agent will react 
with the colo urless substances to fo rm a colo ured 
p roduct. In o ther situatio ns the positio n o f the 
substances o n the chromatogram may be located 
using ultravio let light. 

So lve nt extractio n 
Sugar can be o btained from crushed sugar cane by 
adding water. The water dissolves thc sugar fro m 
the sugar cane (Figure 2.28 ). This is an example 
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of solven t extraction . In a similar way som e o f the 
green substances can be rem oved fro m ground -up 
grass using ethan ol. The substances arc extracted 
fro m a mixture by using a solvent which dissolves 
o nly those substances required. 

Figure 2.28 Cutting sugar cane, from which sugar can be extracted by 
using a suitable solvent . 

Criteri a for purity 
Drugs arc manufactured to a very high dcgn:c of 
purity (Figu re 2 .29). To ensure that the highest 
possible purity is obtained, the drugs arc dissolved 
in a suitable solvent and subjected to fractio nal 
crystallisation. 

Figure 2.29 Drugs are manufactured to a high degree of purity by 
fract ional crystall isation. 

It is illegal to put anythin g harmful into food. 
Al so , governm ent legislatio n requires that a lo t o f 
testin g takes place befo re a new pharmaceutical is 
marketed. 

• 

Th roug ho ut the chemical, pharmace utical and 
food industries it is essential that the substances used 
arc pure. The purity o f a substance can be gau ged by: 

• its melting point - if it is a pure solid it will have a 
sharp m elting po int. If an impurity is present then 
melting takes place over a range o f temperatures. 

• its boiling point - ifit is a pure liquid the 
temperature will remain steady at its boiling point. 
If the substance is impure then the mixture will 
boil over a temperature range. 

• chromatography - ifit is a pure substance it 
will prod uce only one well-defin ed spo t on a 
chromatogram. If impurities arc present then 
several spots will be seen o n the ch romatogram 
(sec Fig ure 2 .26, p . 23 ). 

- Aspirin-
- ... ,000,,S 

Figure 2.30 These pharmaceuticals must have been through a lot of 
testing before they can be sold in a chemist's shop. 

Questions 
1 Use your research techniques (including the Internet) to 

obtain as many examples as you can in which a centrifuge 
is used. 

2 What is the difference between simple distillation and 
fractional distillation? 

3 Describe how you would use chromatography to show 
whether blue ink contains a single pure dye or a mixture 
of dyes. 

4 Explain the following terms, with the aid of examples: 
a miscible b immiscible 
c evaporation d condensat ion 
e solvent extraction . 

5 Devise a method for obtaining salt (sodium chloride) from 
sea water in the school laboratory. 

6 What criteria can be used to test the purity of a substance? 



• Accuracy in 
experimental work in 
the laboratory 

Scientists find o ut abo ut the nature o f materials by 
carrying o ut experiments in a labo rato ry. Many o f 
these ex periments require apparatus that you have 
used in your study o f chemistry to date. Certainly 
a kno wledge and understanding o f the use o f 
this scientific apparatu s is required fo r successful 
experimentatio n and investigatio ns that you may carry 
o ut in your further study o f chemistry. Much o f the 
work in volves :1ccurate m easurem ents with particular 
pieces o f apparatus in parti cular experiments, many o f 
which arc shown in the secti on below. 

Apparatus used for measurement 
in chemistry 
Measurement of time 

Figure 2.31 This stopwatch can be used to measure the time passed in a 
chemical reaction. 

Experiments in volvin g rates o f reactio n will require 
the use o f an accurate sto pwatch - o ne that m easures 
to a hundredth o f a second. The units o f tim e arc 
hou rs (h ), minutes (min ) and seconds (s) . 

Figure 2.32 A thermometer can be used to measure temperature. 

Accuracy in experimental work in the laboratory 

The m ost comm o nl y u sed th erm o m eters in a 
labo rato ry arc alco ho l-in-g lass . H owever, me rcur y 
in-g lass therm o m eters ca n be u sed but sh o uld 
be handled with g rea t care . The m ercury inside 
the m is po isono us and sh o uld no t be handled if a 
the rmo m ete r breaks. The units o f temperature arc 
those o f th e C el sius scale. This scale is based o n 
the temperature at which wa ter freezes a nd bo il s, 
that is: 

the freezing po int o f water is O °C whilst 
the bo iling po int o f water is 100 °C. 

For accuracy the thermometer should be capable o f 
being read to a tenth o f a degree Celsius. The usual 
thermometer usr..-d is that shown in the photograph that 
measures accurately between -10° and l 10°C. \¥ hen 
reading the thermometer always ensure that your eye is at 
the same level as the liquid meniscus in the thermo meter 
to ensure there an: no parallax effects. 111c meniscus is 
the way that the liquid curves at the edges of the CJ.pilbry 
in which the liquid is held in the thermometer. 

Measurement of mass 

There arc many different electro nic balances whi ch 
can be used . The important detail with any o f th em 
is that they arc accurate to o ne hundredth o f a gram. 
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The units fo r measuring mass arc g ram s (g ) and 
kilograms (kg ). 

lkg 0 lOOO g 

Wh en using an electroni c balance you should wait 
until the reading is steady befo re taking it. 

Measurement of vo lume 

Figure 2.34 The apparatus sho'Nfl in the photograph is generally used in 
different experiments to measure volume accurately. 

Different experiments involving liquids will require 
o ne o r o ther o r all the vari ous measurin g apparatus 
for volume . Tlu: volume o f a liquid is a m easure o f 
the amo unt o f space th at it takes up. The units o f 
volume arc litres (I) and cubic ccntimctn:s (cm 3 ) . 

I litre= 1000 cm3 

H owever, som e o f the manL1facturcrs o f apparatu s 
used for measuring volume use millilitres (ml ). This is 
not a pro blem , however, since 1 cm 3 = 1 ml. 

Wht:n reading the volume using o ne o f the pieces 
o f apparatus it is impo rtant to ensure that the 
apparatus is vertical and that your eye is tc ,,el with the 
top o f th e meniscus o f th e liquid being measured. 

• Gels, sols, foams and 
emulsions 

Gels, sols, foams and emulsio ns are all examples 
o f mixtures which are formed by mixing two 
substances (or phases) whi ch canno t mix . These 
mixtures are o ften referred to as colloids. Collo ids 
are formed if the suspended particle s arc between 
lnm and lOOOnmin size( lnm = l x I0-9 m ). 

Generally collo ids cannot be separated by filtratio n 
since the size o f the di spersed particles is smaller 
than that o f the pores found in the filt er paper. 
Look closely at the substances shown in Fig ure 2 .35 
to see examples o f these mixtures. 

a These jelly-likemixturesofsol id 
andliquidinfruit jellyandcold 
custard are examples of 'gels'. 

c These foams have been formed by 
trappingbubblesofgas inliquidsor 
solids. 

Figure2.35 

b Emulsionpaintisan 
exampleofa'sol'. 

d Emulsionsareformedby 
mixing immiscible liquids. 

\Vh en you mix a solid with a liquid you som etimes 
get a gel. A gel is a semi -solid which can m ove 
around but no t as freely as a liquid. Within a gel the 
solid m akes a kind o f network which traps the liquid 
and makes it unable to flow freely (Figure 2 .36). 

network of 
gelatine molecules 

water molecules trapped 
ina network of gelatine 

I 

Figure2.36 The network withinagel. 



A gelatine gd is made with warm water. Gelatine is a 
protein. Proteins arc natural polymers (Chapter 15, 
p. 243) and the molecu les of protein arc very large. 
The large molecu les disperse in water to fo rm a gd. 
As the gelatine-in-water mixture cools, the gelatine 
molecules are attracted to each o ther and fo rm a 
continuous network. ln this way, the jelly you eat as a 
pudding is formed. The kind of gel which you put into 
your hair is made from water and an oil (Figure 2.37). 

A sol is similar to a gel; however, the mixture will 
flow, fo r example emulsion paint, o r PVA glue. 

Figure 2.37 Hair gel is a mixture of water and an oi l plus a perfume. 

Figure2.38 Examplesofsolidfoams. 

Gels, sols, foams and emulsions 

When you pour out a g lass of fi zzy drink, the fro thy 
part at th e top of the drink is a gas/liquid mixture 
called a foam . The gas, carbon dioxide, has fo rmed 
tiny bubbles in the liquid but has not dissolved in 
it. lfldi: to stand, foams like this one collapse as the 
tiny bubbles jo in together to fo rm bigger bubbles 
which then escape. It is possible to fo rm solid foams 
where the gases are trapped in a solid stru cture. This 
happens in foam rubber and bread (Figure 2.38 ). 

Emulsions arc mi xtures ofliquid s which arc 
immiscible. Earlier in this chapter you found out that 
when two liquids arc immiscible they do no t mix but 
fo rm two different layers . Oil and water are like this 
but if you shake the mixture it becomes cloud y. 

The apparent mixing that you sec is du e to the 
fact that one of the liquids has been broken into tiny 
droplets which float suspended in the o ther li quid. If 
the mixture of oil and water is now left to stand the 
two layers will re-fo rm. To make emulsions, such as 
mayonnaise, an emulsifier is used to stop the d roplets 
joining back together again to form a separate layer. 
The emulsifier used when making mayonnaise is egg 
yolk. In many countries of the world , if you examine 
the ingredients on the side of many packets found in 
kitchen cupboards you will find that emulsifiers have 
' E-numbers' in the range E322 to E494. Fo r example, 
ammonium phosphatidc E442 is used as the emulsifier 
in cocoa and chocolate. O ther food additives such as 
colourings and preservatives are also g iven E-numbers 
but in different ranges to that o f the emulsifiers . 

It is worth noting that gels, foams and emul sions 
arc all examples of diftCrent kinds of solutions. In true 
solutions the two phases completely mix together but 
in these systems the two phases arc separate . 

• 
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To produce a stable colloid, the particles dispersed 
must not only be of the right si ze (1- lOOOnm) 
but al so be prevented fro m jo ining back together 
( coagulating ). One way o f do ing this is to ensure that 
all the particles possess the same electrical charge. 
This causes the particles to repel o ne ano ther. 

A colloidal suspension can be dest royed by bringing 
the dispersed particles together. 1l1is process is known 
as flocculation. A m etho d of do ing this involves 
addin g ionic substances such as aluminium chloride 
or aluminium sulfatc to the particular coll o id. The 
dispersed particles interact with the added highly 
charged ions and form particles which are large 
enoug h either to settle o ut under the fo rce o f gravity 
or simply be filtered o ut. During the treatment o f 
water, aluminium sulfu.tc is added to water prio r to 
filtering to rem ove suspended solids (Figure 2 .39). 

Figure2 .39 Wateristreatedtoremovesuspendedsolidsbythe 
additionof aluminiumsulfate. 

Questions 
1 Explain the following terms: 

a colloid c foam e sol. 
b emulsifier d 'E' number 

2 Use your research skills (including the Internet) to obtain 
information about as many common gels, sols, foams 
and emulsions as you can, other than those given in the 
text. 

• Mixtures for strength 
Composite mat er ials 
Composite materials arc those that combin e the 
p roperties o f two constitu ents in order to get the 
exact properties needed for a particular jo b. 

Glass-reinfo rced plastic (GRP) is an example o fa 
composite material combining the properties o f two 
ditlcrcnt materials. It is made by embedding sho rt 

• 

fibres o f glass in a matrix o f plastic. The glass fibres 
give the plastic extra strength so that it docs no t break 
when it is bent or mo ulded into shape. The finished 
product has the lightness of plastic as wdl as the 
streng th and flexibility of the glass fibres (Figure 2 .40). 

Figure 2.40 GRPconsists of glass fibres (rod shapes) embedded in 
plastic, in this case polyester. 

Figure 2.41 The glass-reinforced plastic used to make boats like this is a 
composite material. 

With a little investigatio n you will find that many 
composite materials arc found in the natural world. 
Our bo nes, for example, arc a composite material 
form ed from strands o f the p rotein collagen and 
the min eral calcium phosphate (Figure 2.42 ). The 
calcium phosphate is hard and tl1creforc gives 
streng tl1 to the bo ne . Ano tl1cr example is wood. 
Wood consists o f cellulose fibres mixed with lignin 
(Figure 2.43 ), which is largely respo nsible for the 
streng tl1 o f th e wood . 



Figure 2.42 Bone is a composite material. 

Checklist 
After studying Chapter 2 you should know and understand the 
following terms. 

• Accuracy in experimental work The accuracy of each 
measurement. It depends on the quality of the measuring 
apparatus (e.g. the thermometer or electronic balance) and 
on the skill of the scientists taking the measurement. 

• Atom The smallest part of an element that can exist as a 
stable entity. 

• Centrifuging The separation of the components of a 
mixture by rapid spinning. The denser particles are flung to 
the bottom of the containing tubes. The liquid can then be 
decanted off. 

• Chemical change A permanent change in which a new 
substance is formed. 

• Chemical formula A shorthand method of representing 
chemical elements and compounds. 

• Chromatography A technique employed for the 
separation of mixtures of dissolved substances. 

Check list 

Questions 
1 Why are composite materials often used instead of 

single materials? 
2 Using the information in the text and any other 

information available to you, give a use other than those 
already mentioned for each of the following composite 
materials: 
a reinforced concrete 
b glass-reinforced plastic 
c laminate 
d glassfibre. 

• Colloid System in which there are two or more phases, 
with one (the dispersed phase) distributed in the other (the 
continuous phase). One of the phases has particles in the 
range1 to1000nm(1nm=1 x 10-9m). 

• Composite materials Materials which combine the 
properties of two substances in order to get the exact 
properties required for a particular job. 

• Compound A substance formed by the combination of 
two or more elements in fixed proportions. 

• Crystallisation The process of forming crystals from a 
liquid. 

• Decanting The process of removing a liquid from a solid 
which has settled or from an immiscible heavier liquid by 
pouring. 

• Diatomic molecule A molecule containing two atoms, for 
example hydrogen, H2, and oxygen,02. 

• Distillate The condensed vapour produced from a mixture 
of liquids on distillation . 

• 
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• Distillation The process of boiling a liquid and then 
condensing the vapour produced back into a liquid. It is 
used to purify liquids and to separate mixtures of liquids. 

• Element A substance which cannot be further divided into 
simpler substances by chemical methods. 

• Emulsifier A substance used to stop the droplets that 
make up an emulsion joining back together again to form a 
separate layer. 
Emulsion The apparent mixing of two immiscible liquids 
by the use of an emulsifier which breaks down one of the 
liquids into tiny droplets. The droplets of this liquid float 
suspended in the other liquid so that they do not separate 
out into different layers. 

• Evaporation When a solution is heated the solvent 
evaporates and leaves the solute behind. 

• Exothermic reaction A chemical reaction in which heat 
energy is produced. 
Filtrate The liquid which passes through the filter paper 
during filtration. 
Filtration The process of separating a solid from a liquid 
using a fine fi lter paper which does not allow the solid to 
pass through. 
Flocculation The destruction of a colloidal suspension by 
bringing the dispersed particles together. 
Foam A mixture formed between a gas and a liquid. The 
gas forms tiny bubbles in the liquid but has not dissolved in 
it. 
Fractional distillation A distillation technique used to 
separate a mixture of liquids that have different boiling 
points. 

• Gel A mixture formed between a sol id and a liquid in 
which the solid forms a network which traps the liquid so 
that it cannot flow freely. 

• Immiscible When two liquids form two layers when mixed 
together, they are said to be immiscible. 

• Insoluble If the solute does not dissolve in the solvent it is 
said to be insoluble. 

• Instrumental techniques Instrumental methods of 
analysis that are particularly useful when the amount 
of sample is very small. Examples are atomic absorption 
spectroscopy and infrared spectroscopy. 

• Law of constant composition Compounds always have 
the same elements joined together in the same proportions:.., 

• Locating agent A substance used to locate, on a 
chromatogram, the separated parts of a mixture in 
chromatography. 

• Metals A class of chemical elements which have a 
characteristic lustrous appearance and which are good 
conductors of heat and electricity. 

• Miscible When two liquids form a homogeneous layer 
when mixed together, they are said to be miscible. 

• Mixture A system of two or more substances that can be 
separated by physical means. 

• Molecule A group of atoms chemically bonded together. 
• Monatomic molecule A molecule which consists of only 

one atom, for example neon and argon. 
• Non-metals A class of chemical elements that are typically 

poor conductors of heat and electricity. 
• Oxidation The process of combining with oxygen. 
• Oxidising agent A substance which oxidises another 

substance during a redox reaction. 
• Redox reaction A reaction which involves the two 

processes of reduction and oxidation. 
• Reducing agent A substance which reduces another 

substance during a redox reaction. 
• Reduction The process of removing oxygen. 
• Residue The solid left behind in the filter paper after 

filtration has taken place. 
• R1 value The ra t io of the distance travelled by the solute 

to the distance travelled by the solvent in chromatography. 
• Saturated solution A solution which contains as much 

dissolved solute as it can at a particular temperature. 
• Sol A mixture formed between a solid and a liquid, which 

then forms a network that can flow. 
• Soluble If the solute dissolves in the solvent it is said to be 

soluble. 
• Solute The substance that dissolves (disappears) in(to) the 

solvent. 
• Solution The liquid formed when a substance (solute) 

disappears (dissolves) into another substance (solvent). 

Solvent The liquid that the solute has dissolved in. 

solute+solvent ~ solution 



0 Elements, compounds and 
experimental techniques 
-----"---------'-----

• Additional questions 
1 D efin e the followin g terms using specific examples 

to help with your explanation : 
:i clement g flocculatio n 
b metal h gd 
c no n -metal 
d co mpound 
e m olecule 
f mixture 

i foam 
j emulsio n 
k sol. 

2 Which o f the substances listed below arc: 
a m etallic elements? 
b no n-metallic elements? 
c compo unds? 
d mixtures? 
Silicon , sea water, calcium, argon, water, air, 
carbon m o no xide, iron , sodium chlo ride, diamo nd , 
brass, copper, dilute sulfuric acid, sulfur, o il , 
nitrogen, ammo nia. 

3 At room temperature and pressure (rtp ), which o f 
the su bstanccs listed below is: 
a a solid clement? 
b a liquid clement? 
c a gaseous mixture? 
d a solid mixture? 
e a liquid compound ? 
f a solid compound? 
Bromine, carbon diox idt:, helium, steel , air, o il, 
m arble , copper, water, sand , tin, bro nze, mercury, 
salt. 

4 A stud ent heated a mixture o f iron filings and 
sulfur stro ng ly. H e saw a red g low spread throug h 
the mixture as the reacti on continued. At the end 
o f the experiment a black solid had been fo rmed. 
a Explain what the red glo w indicates. 
b Give the chemical name o f th e black solid. 
c Write a wo rd equati on and a balanced chemical 

equatio n to represent the reactio n which has 
taken place. 

d The black solid is a co mpound. Explain the 
difference between th e mixture o f sulfur and 
iron and th e compound formed by the chemical 
reactio n between them. 

5 Name th e method which is m ost suitable for 
separating the fo llowing: 
a oxygen fro m liquid air 
b red blood cells from plasma 
c pet rol and kerosene fro m crud e oil 
d coffoe grains from coffee solution 
e pieces o f steel fro m eng ine o il 
f amino acids from fruit juice soluti on 
g ethano l and water. 

6 The table belo w shows the melting po ints, boiling 
po ints and densities o f substances A to D. 

Substance Melt ing point/"( Boiling point/"( Density/gcm-3 

1110 2606 9.1 

-266 -252 0.07 

40 94 1.6 

-14 60 0.9 

a Which substan ce is a gas at room temperature? 
b Which substance is a liquid at room temperature? 
c \iVhich substances arc solids at room 

temperature? 
d Which substan ce is most likely to be a metal? 
e Which substance will be a liquid at - 260 °0 
f What is the melting po int o f th e least dense no n­

metal1 
g Which substances are gases at 72 °C? 

7 a H ow m any ato ms o f th e different elements are 
there in the formulae o f the compounds given 
below1 
(i) nitric acid, HN03 
(ii) m ethane, C H 4 
(iii) copper nitrate, C u(N03 )2 
(iv) ethan o ic acid, C H 3C OOH 
(v) sugar, C 12 H 220 11 
(vi) pheno l, C6 H 50H 
(vii) ammo nium sulfate, (NH 4 )2S04 

b Balance the fo ll owing equatio ns: 
(i) Zn(s) + 0 2(g) - ZnO(s) 
(ii) Fc(s) + Cl2(g) - FcCl3(s) 
(iii) Li(s) + 0 2(g) - Li20 (s) 
(iv) H2(g) + 0 2(g) - H,O(g) 
(v) Mg(s) + C0 2(g) - MgO(s) + C(s) 



2 ELEMENTS, COMPOUNDS AND EXPERIMENTAL TECHNIQUES 

8 Carbon-fibre-rein fo rced plastic (C RP) is used in 
th e m anufu.chm:: o f golf clubs and tennis rackets. 
:i What arc composite m aterials? 
b Which two substances arc used to m anufacture 

this composite matcrial1 
Consider the data in the tabk. 

Material Strength/ Stiffn ess/ Density/gcm-J 
GP a GPa 

Aluminium 0 .2 75 2.7 

Steel 1.1 200 7.8 

CRP 1.8 195 1.6 

c Discuss the ad vantages and disadvantages 
o f using the three materials above in the 
manufac ture of golf c!L1bs. 

Relative 

I= 

I= 

high 



@ Atomic structure and bonding 

Inside atoms 
Proton number and nucleon number 
Ions 
Isotopes 
The mass spectrometer 
Relative atomic mass 

The arrangement of electrons in atoms 

Ionic bonding 
Ionic structures 
Properties of ionic compounds 
Formulae of ionic substances 
Oxidation states 

We have alread y seen in Chapter 2 that everything 
yo ll sec around you is made out o f tiny particles 
call ed ato ms (Figure 3 .1 ). When Jo hn D alto n 
developed his ato mic th eory, about 200 years ago 
( 1807 / 1808 ), he stated that th e ato ms of any o ne 
clem ent were identical and that each ato m was 
' ind ivisible'. Scientists in those days believed that 
atom s were solid particles like marb les. 

Figure 3.1 A mk:rograph of atoms. 

H owever, in the last hund red years o r so it has been 
proved by great scien tists, such as N ids Bohr, Albert 
Einstein , H enry Moseley, Joseph Tho mson, Ernest 
Rutherfo rd and Jam es Chadwick, that ato ms arc in 
fact m ade up o f even sm aller 'su b-atomic' particles . 
The most im portant o f th ese arc electro n s, pro to ns 
and neutrons , although 70 sub-ato mic particles have 
now been discovered. 

Covalent bonding 
Other covalent compounds 
Covalent structures 
Properties of covalent compounds 
Allotropy 
Allotropes of carbon 

Glasses and ceramics 
Glasses 
Ceramics 

Metallic bonding 
Properties of metals 

Checklist 

Additional questions 

• Inside atoms 
The three sub-atomic particles arc fo und in distin ct 
and separate regio ns. The p roto ns and neutrons arc 
found in the centre o f th e ato m, whi ch is called th e 
nucleus. The neutro ns have no charge and pro to ns 
arc positively charged . The nu cleus occupies o nly a 
very sm all volume o f the ato m but is very dense. 

The rest of the atom surrounding the nucleus is 
where elect rons arc m ost likely to be found . The 
elect rons arc negatively charged and m ove around 
very quickly in electron shells or energy levels . The 
elect rons arc held within the ato m by an electrostatic 
fo rce o f attractio n between themselves and the 
positive charge of proto ns in the nucleus (Fig ure 3 .2 ). 

-.,~---- nucleus, cont aining 

Figure 3.2 Diagram of an atom. 

neutrons and prot ons 

region w here electrons 
are found 

About 1837 elect rons arc equ al in mass to the mass 
o f o ne p ro to n o r o ne neutron . A summary o f each 
type o f particle, its m ass and relative charge is shown 
in Table 3 .1 . You will no tice that th e m asses o f all 
these particles arc m easured in ato mic mass units 
(a.mu) . This is because th ey arc so light th at their 
m asses cann o t be measured usefull y in grams. 
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Table 3.1 Characteristics of a proton, a neutron and an electron. 

Particle Symbol Relative mass/amu Relative charge 

Proton +1 

Neutron 

Electron 1/1837 - 1 

Althou gh ato m s co ntain electrically charged particles, 
the atom s them selves arc electri cally n eutral (they 
have no overall e lectric ch arge ). This is because ato m s 
contain equ al num bers o f elect rons and proto ns. For 
example, the diagram in Fig ure 3 .3 represents the 
atom o f the n on-metallic clement helium. The atom 
o f helium possesses two proto ns, two neutrons and 
two el ectro ns. The electri cal charge o f the proto ns 
in the nucleus is, therefore, balanced by the o pposite 
charge o f th e two electro ns. 

nucleus which ho lds 
the 2protonsand 
2 neutrons 

II----~"-' 2 electrons circling 
the nucleus 

Figure 3.3 An atom of helium has two protons, two electrons and two 

Proton number and nucleon number 
The number o f proto ns in the nucleus o f an ato m 
is called the proto n number ( or atomic number) 
and is given the symbo l Z. H en ce in th e diag ram 
shown in Figure 3 .3, the helium atom has a p roton 
number o f 2 , since it has two proto ns in its nucleus. 
Each clement has its own proton number and n o two 
different elem ents have the sam e proton number. Fo r 
example, a different clem ent, lithium, has a p roto n 
number o f 3, since it has three proto ns in its nucleus. 

N eutrons and proto ns have a similar m ass. Elect rons 
possess very little mass. So the m ass o f any atom 
depends o n the num ber o f proto ns and n eutrons in its 
nucleus. The total number o f proto ns and n eutrons 
found in the nucleus o f an ato m is called the nucleon 
number (or mass number) and is given the symbol A . 

nucleon num ber= pro to n number + number o f 
(A ) (Z ) neutrons 

H ence, in the example shown in Figure 3.3 th e 
helium ato m has a nucleon number o f 4 , since it h as 
two p roto ns and two neutrons in its nucleus. Ifwc 
consider the metallic clem ent lithium, it h as three 
proto ns and four neutrons in its nucleus. It therefore 
has a nucl eon num ber o f 7 . 

The proton number and nucl eon number o f 
an clem ent arc u su all y written in the fo ll owing 
sh o rthand way: 

nucleon number (A )-....,. 
j H c +---- symbo l o f the clement 

proto n num ber (Z )'"'" 

The number o f neutrons present can be calculated 
by rearran ging the relati o nship between the p roto n 
num ber, nu cleon number and number o f neutro ns 
to give: 

number o f= nucleon number - proto n number 
neutrons (A ) (Z ) 

Fo r example, the number o f n eutrons in o n e a to m of 
tiM g is: 

24- 12 ~ 12 
(A ) (Z ) 

and th e number o f neutrons in o ne ato m o f 2i~ Pb is: 

207 - 82 ~ 125 
(A) (Z) 

Table 3 .2 shows th e number o f proto ns, neutrons 
and electro ns in the ato ms o f som e commo n 
elements. 

Ions 
An io n is an electrically charged particle. W hen 
an atom loses on e o r m o re electro ns it becom es 
a positively charged io n. Fo r exampl e, during the 
chemical reactions o f po tassium, each a to m loses an 
electro n to fo rm a positive io n, K+. 

19 p roto ns = 19+ 

19 K+ 18 elect rons = 18-

0 vcrall charge = 1 + 

\-Vh cn an a to m gains o ne o r m o re elect rons it 
becom es a negatively charged io n. For example, 
during som e o f th e chemical reactions o f oxygen it 
gains two elect rons to fo rm a negative io n, 0 2-

8 proto ns = 8+ 

80 2- 10 elect rons = l 0-

0 verall charge = 2 -



Table 3.2 Number of protons, neutrons and electrons in some elements. 

Element Symbol Proton number Number of electrons 

Hydrogen H 

Helium He 

Carbon 

Nitrogen 

Oxygen 

Fluorine 

Nroo Ne 10 10 

Sodium Na 11 11 

Magnesium Mg 12 12 

Sulfur 16 16 

Potas.sium 19 19 

Calcium c, 20 20 

lroo Fe 26 26 

Zinc 2o 30 30 

Table 3.3 shows som e commo n io ns. You will notice 
fro m Table 3.3 that : 

• some io ns contain more than o ne type o f atom, fo r 
example N03-

• an ion may possess m o re than o ne unit o f charge 
(either negative o r positive), fo r example AJ3+, 0 2-

or soi-. 

Table 3.3 Some common ions. 

Name Formula 

Lith ium ion LC 

Sodium ion Na' 

Potassium ion ,. 
Magnesium ion MgH 

Calcium ion ca2+ 

Aluminium ion Al3 .. 

Zinc ion Zn2+ 

Ammonium ion NH/ 

Fluoride ion ,-
Chloride ion Cc 
Bromide ion Be 

Hydroxide ion ow 
Oxide ion o'-
Sulfideion 5,-

Carbonate ion co/-

Nitrate ion N03-

Sulfate ion sol-

Inside atoms 

Number of protons Number of neutrons Nucleon number 

12 

14 

16 

10 19 

10 10 20 

11 12 23 

12 12 24 

16 16 32 

19 20 39 

20 20 40 

26 30 56 

30 35 65 

Isotopes 
Not all o f th e atoms in a sample o f chlo rine, for 
example, will be identical. Som e atoms o f the sa me 
clement can contain diffe rent numbers o f neutrons 
and so have different nucleo n numbers. Atoms 
o f the sam e clement w hich have the sam e proton 
number but different neutro n numbers arc called 
isotopes. The two isoto pes of chlorine arc shown in 
Figure 3.4 (p. 36). 

Generally, isoto pes behave in the same way during 
chemical reactio ns because they have the same 
number of electrons o n their o uter shell (sec p. 38 ). 

The o nly effect of the extra neutron is to alter the 
mass o f the atom and properties which depend o n it, 
such as density. Som e oth er examples o f atoms with 
isotopes arc shown in Table 3.4. 

There arc two types o f isotopes: th ose which arc 
stable and those which arc unstable . The isotopes 
which arc un stable, as a result o f the extra neutro ns 
in their nuclei, arc radioactive and arc call ed 
radioisotopes. For example, uranium-235 , which 
is used as a source o f power in nuclear reactors 
(p. 93), and co balt-60, which is used in radio therapy 
treatment (Fig ure 3.5), arc both radio isotopes . 
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~;c1 
17protons . 

18neutrons Q 
Figure 3.4 The t,yo isotopes of chlorine. 

Table 3.4 Some atoms and thei r isotopes. 

Element Symbo l 

Hydrogen iH 
{Deuterium) jH 
(Tritium} 1H 
Carbon '!c 

'le 
iic 

Oxygen 1io 
1io 
'~o 

Strontium ~Sr 

~s, 
li!S, 

Uranium ~~u 

'~U 

~~ Cl 

17 protons . 

20neut rons Q 

Particles present 

1 e, 1 p,On 

1 e, 1 p, 1 n 

1 e, 1 p, 2 n 

6e,6p,6n 

6e,6p, 7 n 

6e,6p,8n 

8e,8p,8n 

8e,8p,9n 

8e,8p, 10n 

38e, 38p, 48n 

38e, 38p, son 

38e,38p, 52 n 

92e,92 p, 143n 

92e,92 p, 146n 

Figure 3.5 Cobalt-60 is used in radiotherapy treatment. 

The mass spectromet e r 
H ow do we know isotopes exist? They were fi rst 
discovered by scientists usin g apparatus call ed a 
m ass spectro meter (Fig ure 3.6 ). 1l1c first mass 
spect rom eter was built by the British scit:ntist 
Francis Asto n in 19 19 and enabled scientists to 
compare th e relative m asses of ato ms accurately fo r 
the first tim e. 

sample 
inlet 

vacuum chamber 

--.- - .... , - -. 

ionisation acceleration drift region 

fli ghtpath 
time measurement 

Figure 3.6 A diagram of a mass spectrometer. 

A vacuum exists inside the mass spectro meter. A 
sample o f the vapour o f the clement is injected into 
the ionisatio n cham ber where it is bombard ed by 
electrons. The collisio ns which take place between 
these electrons and the injected ato ms cause an 
electron to be lost fro m the ato m, which becomes a 
positive ion with a + l charge . These positive ions arc 
then accelerated towards a negatively charged plate, 
in th e acceleratio n area . The spectrom eter is set up 
to ensu re that when the ions leave the acceleratio n 
area they all have the sam e kinetic energy, regardless 
o f the mass o f the io ns. This means that the lighter 
ions travel faster than the heavier ones, and effectively 
separates the ions according to their mass. H aving left 
the acceleratio n area, the time for the io ns to reach 
the detector is recorded . The detecto r counts the 
number o f each of the ions which fall upon it and so a 
m easure o f the percentage abundance of each isotope 
is obtained . A typical mass spectrum for chlorine is 
shown in Figure 3 .7. 

100 

i1' 
75 35(1(75%) 

~ so 

1 25 37(1(25%) 

10 20 30 40 50 

Figure3 .7 Themassspectrumforchlorine. 



Relative atomic mass 
The average mass o f a large num ber o f ato m s o f an 
clem ent is called its relative ato mic mass (symbol 
A,.). This qu antity takes into account th e percentage 
abundance o f all th e isotopes o f an clem ent which 
exist . 

In 196 1 the International Union of Pure and 
Applied Chemistry (IU PAC) recommended that 
the standard used fo r th e Ar scale was carbon-1 2 . 
An ato m o f carbo n-1 2 was taken to have a m ass of 
12 :mm . The A, o f an clem ent is the average mass 
o f the n aturally occurrin g ato m s of an clem ent on a 
scale wh ere 12C has a mass o f exactly 12 uni ts: 

average mass o f isotopes o f th e clem ent 

A, -fI x mass o f 1 ato m o f carbon -1 2 

Note: _!_ o f the m ass o f o ne carbon-1 2 ato m = l ;mm. 
For biampk, chlorine has two isotopes: 

I %abundance 

H en ce the 'average m ass' or Ar o f a chlo rine a to m is: 

(75 X 35) + (25 X 37) 
35 .5 

100 

Questions 

35 .5 
A ~-­

' l 

= 35.Samu 

1 Calculate the number of neutrons in the following atoms: 
a HAI b HP c f83Uns d 1~os 

2 Given that the percentage abundance of i8Ne is 90% and 
that of l~Ne is 10%, calculate the A, of neon. 

• The arrangement of 
electrons in atoms 

The nu cleus of an atom contains the heavier sub­
atomic particles - the protons and the neutrons. The 
elect rons, the lig htest o f the sub-ato mic particles, 
m ove aro und the nu cleus at great distances from the 
nu cleus relative to th eir size. They m ove very fast in 
elect ron en ergy levels very mu ch as the planets o rbit 
the Sun . 

The arrangement of electrons in atoms 

It is n o t possible to g ive the exact positio n o f an 
electro n in an energy level. H owever, we can state 
that electro ns can only occupy certain, d efinite energy 
levels and that they canno t exist between them. Each 
o f the elect ron en ergy levels can h o ld o nly a certain 
num ber o f elect rons. 

• First energy level h o ld s up to two elect rons. 
• Second energy level ho ld s up to eight electro ns. 
• Third energy level h o ld s up to 18 elect rons. 

There arc further en ergy levels which contain 
increasing num bers o f elect rons. 

The third energy level can be occu pied by a 
m aximum o f 18 electro ns. H owever, wh en eig ht 
elect rons have occupied this level a certain stability is 
given to the ato m and the n ext two el ect rons go into 
the fourth energy level, and th en the rem aining ten 
elect rons complete the third en ergy level. 

The electrons fill the energy levels startin g from 
the energy level nearest to the nu cleus, which has the 
lowest en ergy. W h en this is foll (with two elect rons) 
the next elect ron goes into the second en ergy level. 
Wh en this en ergy level is full with eig ht elect rons, 
then the elect rons begin to fill the third and fo urth 
energy levels as stated above. 

Fo r example, a 1~0 ato m h as a p roto n number 
o f 8 and therefore h as eight elect rons. Two o f the 
eig ht elect rons enter the first energy level, leaving 
six to occupy the second energy level , as shown in 
Figure 3 .8 . The electron config uratio n fo r oxygen 
can be written in a sho rthand way as 2,6 . 

Figure3.8 Arrangementofelectrons inanoxygenatom. 

There arc 11 8 elem ents, and Table 3 .5 shows the 
way in which the elect ro ns arc arran ged in the fir st 
20 o f these elemen ts . The way in which th e electro ns 
arc distributed is called th e electronic structure 
(or elect ron config uratio n ). Figure 3.9 shows the 
elect ronic structure of a selection o f ato m s. 
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Table 3.5 Electronicstructureofthefirst20elements. 

Element Symbol Proton Number of Electron 
number electrons 

Hydrogen 

Helium He 

Lithium 2,1 

Beryllium ,, 2,2 

Boron 2,3 

Carbon 2,4 

Nitrogen 2,5 

Oxygen 2,6 

Fluorine 2,7 

Nroo Ne 10 10 2,8 

Sodium Na 11 11 2,8,1 

Magnesium Mg 12 12 2,8,2 

Aluminium AJ 13 13 2,8,3 

Silicon 14 14 2,8.4 

Ph05phorus 15 15 2,8,5 

Sulfur 16 16 2,8,6 

Chlorine Cl 17 17 2,8,7 

Argon ,, 18 1B 2,8,8 

Potassium 19 19 2,8,8,1 

Calcium Ca 20 20 2,8,8,2 

Yo u will no tice fro m Table 3.5 that the elem en ts 
helium, neo n and argo n have com pletely full o uter 
shells. In C hapter 9 you will sec that these elements 
arc known as the no ble o r inert gases and that they 
arc generally vr:ry st;1bk: and unrcactivc (p . 143). This 
is linked to the full o uter shells that they possess . 
It wo uld seem that when elem ents react to fo rm 
compo und s they do so to achieve full electro n energy 
levels. This idea forms th e basis o f the elect ronic 
theory o f chemical bonding . 

Questions 
1 How many electrons may be accommodated in the first 

three energy levels? 
2 What is the same about the electron structures of: 

a lithium, sodium and potassium? 
b beryllium, magnesium and calcium? 

• Ionic bonding 
Ionic bonds are LJ sually found in compounds that 
contain m etals com bined with no n-m etals. VVhen this 
type o f bond is fo rmed , electro ns are transferred fro m 
the metal ato ms to th e no n-metal ato ms durin g th e 

hydrogen 

lithium 

sodium 

argon 

potassium 

Figure 3.9 Electron arrangements of hydrogen, lithium, sodium, argon 
and potassium. 



chemical reacti on . In do ing this, the atoms become 
more stable by getting full outer energy levels. For 
example , consider what happens when sodium and 
chlorine react together and combine to make sodium 
chl orid e (Figure 3.1 0). 

sodium + chlo rine -----+ sodium chloride 

Figure 3.10 The properties of salt are very different from those of the 
sodium and chlorine it was made from. To get your salt you would not 
eatsodiumor inhalechlorine! 

Sodium has just one electron in its outer energy level 
( 11 Na 2,8, l ). Chlorine has seven electrons in its outer 
energy kvel (17CI 2 ,8,7). When these two elements react, 

sodium atom 
(Na) 

Figure 3.11 Ionic bonding in sodium chloride. 

chlorine atom 
(Cl) 

Ionic bonding 

the outer electron of each sodium atom is transferred to 
the outer energy kvel of a chlorine atom (Figure 3.11). 

ln this way both the atoms obtain full outer energy 
levels and become ' like' the nearest noble gas. The 
sodium atom has become a sodium ion and the 
process is known as ionisa tion . This sod ium ion has 
an electron configuration like neon. 

sodium atom -----+ sodium ion + electron 

N,(g) N,+(s) + 

To lose electrons in this way is called oxidation . 

The chlorine atom has become a chloride ion with an 
electron configuratio n like argon . 

chlo rine atom + electron -----+ chlo rid e ion 

Cl(g) + 0-(g) 

To gain electrons in this way is called reduction. 
ln the chemical process producing sodium chloride 

both oxidation and redu ction have taken place and 
so this is known as a redox re.1ction. A further 
discussion of oxidation and reduction in terms of 
electron transfer takes place in C hapter 5 (p. 73). 

Only the outer electrons arc impo rtant in bonding, 
so we can simplify th e diag rams by missing o ut the 
inner energy levels (Figure 3.12, p. 40 ). 

The charges on the sodium and chloride ions arc 
equal but opposite. They balance each other and 
th e resulting formula fo r sodium chlo ride is NaCl. 
These oppositely charged ions attract each other and 
arc pulled , or bonded, to one another by st rong 
electrostatic fo rces. This type of bonding is called 
ionic bonding. The alternative name, electrovalent 
bonding, is derived from the fact that there arc 
electrical charges on the atoms involved in the bonding. 

sodium Ion 
(Na+) 

11 protons = 11+ 
10electrons = 10-
0verall charge = ±L 

chloride ion 
(c1- J 

17prot ons = 17+ 
18 electrons = 18-
0verall charge = =::r:: • 
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Figure 3.12 Simplified diagram of ionic bonding in sodium chloride. 

Figure 3.13 Simplified diagram of ionk: bonding in magn~um oxide. 

Figure 3.13 shows the electro n transfers that take 
place between a mag nesium ato m and an o xygen 
atom during the formation of magnesium oxide . 

Mag nesium o btains a foll outer energy level by 
losing two electrons. These arc transfr.rrcd to the 
o xygen atom. In mag nesium oxide, the Mg2+ and 
0 2- arc oppositely charged and arc attracted to on e 
an oth er. The formula for magnesium oxide is M gO. 

Fi gure 3.14 shows th e electron tran sfers that take 
place during the formatio n o f calcium chlo ride . 
VVhcn these two elements react , the calcium ato m 
gives each o f the two chlo rine ato m s o ne electro n. 

Scientists, usin g X -ray diffraction (Fig ure 3.15a), 
have o btained pho tographs that indicate the way 
in which the io ns arc arran ged (Fig ure 3.15b). The 
d ect ron density map o f sodium chloride is shown in 
Figure 3.15c. 

Fig ure 3.15d shows the structure o f sodium 
chl oride as determined by the X-ray diffractio n 
techniqu e. The study o f crystals usin g X-ray 
diffractio n was pioneered by Sir William Bragg and 
hi s so n Sir Lawrence Bragg in 1912. X-rays arc a 
form o f elect romagnetic radiatio n. They have a much 

[Na]+ 

sodium chloride (NaCl) 

1o r 
magnesium oxide (MgO) 

ln this case, a compound is formed containing two 
chl oride ions (Cl-) for each calcium io n (Ca2+). The 
chemical fo rmula is CaC12 . 

Question 
1 Draw diagrams to represent the bonding in each of the 

following ionic compounds: 
a potassium fluoride (KF) 
b lithium chloride (LiCI) 
c magnesium fluoride (MgF2) 
d calcium oxide (CaO). 

shorter waveleng th than light therefore it is possible 
to use th em to investigate extremely small structures. 

When X-rays an:: passed throu gh a crystal o f 
sodium chlo ride , for example, you get a pattern o f 
spots called a diffractio n pattern (Figure 3.15b). This 
pattern can be recorded o n pho tographic film and 
used to wo rk o ut how the ions or atoms are arranged 
in the crystal. Crystals g ive particular diffraction 
patterns depending o n their stru cture, and this 
makes X-ray diffractio n a particularly powerful 
techniqu e in the investigatio n o f crystal stru ctures . 



Ionic bonding 

-o 10 
calciumchloride(CaC12) 

Figu re 3.1 4 The transfer of electrons that takes place during the formation of calcium chloride. 

a X-ray diffraction technique . 

. ~iJ -IJ"'- :: 1000 

2000 

2000 5000 
5000 

c Electron density map of sodium chloride. 

Figure3.1 5 

bX-raydiffractionphotographofsodiumchloride. 

!i!f!i!ft ~Na+ 

d Thestructureofsodiumchloride. 

• 
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Ionic structures 
Io ni c stru ctures arc so lids at room temperature 
and have high melting and bo iling points. The 
io ns arc packed t ogeth er in a regular a rrangem ent 
called a lattice. Within th e lattice, oppositely 
ch arged io ns attract o n e an o th er stro n g ly. 

Figure 3.15d shows onl y a tin y part o fa small 
crystal o f sodium chlo rid e. Many millio ns of 
sodium ion s and chloride ion s would be arran ged 
in thi s way in a cr ystal o f sodium chlo rid e to make 
up the g iant io nic s tructure. Ea ch sodium io n in 
the lattice is surro und ed by six chl o ride ion s, and 
~ach chloride io n is surround ed by six sodium 

N o t all io nic substances fo rm the same structures . 
Caesium chloride (CsCI), for example, forms a 
different structure due to th e larg er size o f th e 
caesium ion compared with that o f the sodium io n. 
This g ives rise to the stru ch1rc shown in Fig ure 3.16, 
which is called a body-centred cubic stru cture. Each 
caesium io n is surrounded by eight chloride io ns 
and , in h1rn, each chl oride io n is surround ed by 
eig ht caesium io ns. 

Properties of ionic compounds 
Io nic compounds have the fo ll owing properties. 

• They arc u sually so lid s at room temperature, with 
high melting po ints . This is due to the stron g 
elect rostatic forces h olding the crystal lattice 
together. A lot o f energy is therefore need ed to 
separate the io ns and melt the substan ce. 

• They arc usually hard substances . 
• They usually cann ot co ndu ct electri city when solid , 

because th e io ns arc no t free to m ove. 
• They mainly dissolve in water. This is because 

water m ok culcs arc abk to bond with b oth the 
positive and the negative io ns, which breaks up 
th e lattice and keeps the ions apart. Fig ure 3.17 
shows the interactio n betwee n water m o lecules (the 
solvent ) and sodium and chlorid e io ns from sodium 
chloride (the so lute ) . For a further discussion o f 
th e solubility o f substances sec C hapter 8 (p. 129). 

• They usually condu ct electricity when in the 
m olten state o r in aqueous solutio n . The fo rces o f 
attractio n between the io ns arc weakened and the 

a Thearrangementof ions. 

:o--0 
I o 

I I 

b Theunit cell. 

0----~-6 
Cs+ surrounded by 8 c1- ions 
lnthesameway,eachcl­
issurrounded by8Cs+ ions 

Figure3.16 Thestructureofcaesiumchloride. 

c,-

io ns arc free to m ove to the appropriate electrod e . 
This a llows an electric current to be passed th roug h 
the m o lten compo und (sec C h apter 5, p. 73 ). 

Figure 3.17 Salt (an ionic compound) dissolving in water. 



Formulae of ionic substa nces 
O n p. 39 we saw that ionic com pounds contain 
positive and negative io ns, whose charges balance. 
Fo r example, sodium chl oride contain s o ne N a+ io n 
fo r every c 1- ion , giving rise to the fo rmula NaCl. 
This m ethod can be used to write down fo rmulae 
which show the ratio o f the number o f io ns present 
in any io nic co mpound. 

The formula o f magnesium chloride is MgCl2 . 

This fo rmula is arrived at by each M g2+ io n 
combining with two c 1- io ns, and o nce again th e 
charges balance. The size o f the charge o n an io n is 
a measure o f its valency o r combin in g power. N a+ 
has a valency of 1, but Mg2+ has a valency of 2 . N 1+ 

can bo nd (combine) with only o ne C l- io n , whereas 
Mg2+ can bond with two c 1- io ns. 

Som e elem ents, such as copper and iro n , possess 
two io ns with different valencies . Copper can fo rm 
the Cu+ io n and the C u2+ io n , with valencies 1 and 
2 respectively. Therefore it can form two different 
compounds with chlo rine, C uCl and CuC12 . We 
can also distinguish the d ifference by using Ro m an 
numerals in their names: CuCl is coppcr(r) chloride 
and CuC12 is coppcr(11 ) chloride. Similarly, iron fo rms 
the Fc2+ and Fc3+ ions and so can also fo rm two 
diffCrent compounds with, fo r example, chlo rine: 
FeC12 ( iron(n ) chloride) and FeC13 (iron(m ) 
chlo ride). 

Ionic bonding 

Table 3.6 shows th e valencies o f a series o f ions 
you will no rm ally meet in your study o f chemistry. 

Yo u will no tice that Table 3 .6 includes groups 
o f atoms which have net charges. Fo r example, 
the nitrate io n is a sing le unit composed o f o ne 
nitrogen ato m and three oxygen atoms and has o ne 
sin gle negative charge. The fo rmula , therefo re, o f 
magnesium nitrate would be Mg(N03)i . Yo u will 
no tice that th e N03 has been placed in brackets with 
a 2 outside th e bracket . This indicates that there arc 
two nitrate io ns present for every mag nesium io n. 
The rati o o f the ato ms present is the refore : 

Mg(N03), 

1M g, 2N, 60 

The charge o n the clem ent io n is o ften rdCrred to as 
its oxidation sta te. 

Oxidation states 
Each ato m in an clem ent o r compound is assig ned 
an oxidatio n state to show how much it is redu ced 
or oxidised. The fo ll owing points sho uld be 
rem em bered when usin g oxidatio n states. 

• The oxidation state o f the free clement is always 0, 
fo r example in m etals such as zinc and copper. 

• In simple io ns, th e oxidatio n state is the same as 
the charge o n the io n. So iodine has an ox idatio n 
state o f O in 12 but an oxidatio n state o f -1 in 1-

Table 3.6 Valencies (and oxidation states) of some elements (ions) and groups of atoms. 

Va lency(oxidation st ate) 

Metals Lithium (u-•) Magnesium (Mgl-+j Alumin ium (Al*) 

Sodium (Na+) Calcium (Cal+) lron{11) (Fe") 

Potassium (K1 Copper{1) (Cuh) 

Silver (Ag+) Zinc (Zn2-+j 

Copper{1) (Cu+) lron(1) (Fe2-+j 

Lead (Pb2-+j 

Barium (Ba2-+j 

Non-metals Fluoride (F1 Oxide (o'- i 

Chloride (Cl) Sulfide (Sl/ 

Bromide (BI) 

Hydrogen (H1 

Groups of atoms Hydroxide (OH/ Carbonate (Co,i--) Phosphate 

Nitrate (N03-) Sulfate (S0/1 
Ammonium (NH4"') Dichromate(VI) (Cr20/) 

Hydrogencarbonate (HC01J 

Manganate{w) (Mn04- ) 
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• Compounds have no charge overall. Hence the 
oxidation states o f all the indi vidual elements in a 
compound must add up to 0. The oxidatio n states 
o f elements in compo unds can vary, as seen in 
Table 3.6. It is possible to recognise which o f the 
different o xidation states a metal clem ent is in by 
the colour o f its compounds (Figure 3.18). 

Figurel .18 lron(1)sulfateispalegreen,whilstiron(1)sulfateisyellow. 

• An increase in the o xidation state, for example from 
+2 to +3 as in the case ofFc2+ to Fc3+, is oxidation. 

• H owever, a redu cti on in th e oxidatio n 
state, fo r example fro m +6 to +3 as in th e case 
o f Cr6+ (in Cro/ -) to C r3+, is reductio n. 

During a rcd o.x reactio n , the substance that brings 
about oxidatio n is called an oxidising agent and is 
itself reduced during the process . A substance that 
brings abo ut redu ctio n is a reducing agent and is 
itself oxidised during the process (sec pp. 14, 39). 

Fo r example , if a dilute solutio n o f acidified 
potassium man ganatc(vu ) (pale purple ) is add ed to 
a solutio n ofi ron(n ) sulfatc, a colour change takes 
place as the reactio n occurs (Figure 3.19). The 
iro n(n ) sulfatc (pale green ) changes to pale yello w, 
showing the presence ofi ron(m ) io ns. 

I 
I ! 

Figure3 .19 Manganate(vw)ions(oxidisingagent)and iron{11)ions 
(reducing agent) are involved in a redox reaction when mixed. 

In this reactio n the iron(n ) io ns have been 
ox idised to iron(m ) io ns ( increase in ox idatio n state ) 
and th e manganatc(vn ) io ns have been redu ced to 
mangancsc(n ) io ns (decrease in o xidatio n state) 
whi ch arc very pale pink. H ence the manganatc(vn) 
io ns arc the oxidising agent and the iron(n ) io ns arc 
the reducing agent. 

It is possible to recognise red ox processes by looking 
at the o xidation states on the two sides of the chemical 
equation for a rt--action. For example, in the reaction 
between m agnesium and dilute sulfiuic acid, the 
magnesium d issolves and hydrogen gas is produced. 
Both magnesium metal and hydrogen gas arc free 
elements and so have an oxidation state of 0. In sulfiuic 
acid , hydrogen has an oxidation state of + 1 since the 
overall charge on the sulfatc ion is -2. Similarly, the 
oxidation state of magnesium in magnesium sulfatc is +2. 

magn esium + sulfuric ----+ magnesium + hydrogen 

acid sulfate 

Oxidation 0 + l +2 

The sulfatc io ns arc unchanged by the reactio n and 
so can be ig nored. 

As you can sec, the ox idatio n state o f magnesium 
has increased fro m Oto +2 . Therefore the 
magnesium has been oxidi sed by the sulforic acid 
and so sulfuric acid is the oxidising agent. The 
o xidation state o f hyd rogen has decreased fro m +l in 
the sulfuric acid to O in the free clement. Therefo re 
the hyd rogen has been redu ced by the mag nesium 
and so magnesium is the reducing agent. 

Question 
1 Identify the oxidising and reducing agents in the 

following reactions. 
a Zn(s) + H2SOiaq) ----> ZnSOiaq) + H2(g) 
b Cu1+(aq) + Zn(1) ----> Cu{s) + Zn1+(aq} 
c Mg(s) + Cu(N0 3)z(3q) ----> Mg(N03)z{aq) + Cu(1) 
d Fe(s) + H250iaq) ----> FeS04(aq) + H2(g) 

The 'cross-over' method 
A less scientific but simpler m etho d to work out 
the fo rmula o f compo unds is called th e 'cross -over' 
m ethod . In this metho d it is o nly necessary to 'swap ' 
the valencies o f th e elements o r groups o f atom s 



(or radicals) concerned . This is easily done by 
'crossing over' their valencies, by placing the valency 
of the first clement after the symbol of the second 
and placing th e valency of the second clement o r 
radical after the symbol of the first. 

Fo r example, in aluminium sulfid e the valencies o f 
the elements arc: 

Al= 3 and S =2 

H ence the chemical formula is Al2S3. 

• Covalent bonding 
An other way in which atoms can gain the stability 
of the noble gas electron configuration is by sharing 
the electrons in their o uter energy levels. This occurs 
between non-metal atoms, and the bond fo rm ed is 
called a covalent b ond. The simplest example of 
this type of bonding can be seen by considering the 
hydrogen molecule, H 2 • 

Each hydrogen atom in th e molecule has one 
electron. In o rder to obtain a foll outer energy level 
and gain the electron configuratio n of the noble gas 
helium, each of the hydrogen atoms must have two 
electrons. To do this, th e two hydrogen atoms all ow 
their o uter energy tc ,,els to overlap (Figure 3.20a) . 
A molecule o f hydrogen is fo rmed, with two 
hydrogen atoms sharing a pair o f electrons 
( Figure 3.20a, b, c ). This shared pair o f electrons is 
kn own as a single covalent bond and is represented 
by a single line as in hydrogen : 

H-H 

A similar exampl e exists in the diatomic halogen 
molecule chlo rine, C l2 (Figure 3 .2 1, p. 46 ). 

ooco 
2 hydrogen atoms hydrogen molecule (H2) 

Figure 3.20a The electron sharing to form the single covalent bond in H2 

Covalent bonding 

Similarly, in sodium sulfatc the valencies arc: 

Na = l and S0 4 =2 

H ence the chemical fo rmula is Na2S0 4 . 

Quest ions 
1 Using the information in Table 3.6, write the formulae for: 

a copper(1) oxide d lead bromide 
b zinc phosphate e potassium manganate(v11) 
c iron(11) chloride f sodium dichromate(VJ). 

2 Using the formulae in your answer to question 1, 
write down the ratio of atoms present for each of the 
compounds. 

Figure 3.20b Model of hydrogen molecule. 

0.175 0.1 75 

0.074 nm 

molecules. electron densities in electrons per cubic atom ic unit of length 

Figure 3.20c Electron density map of a hydrogen molecule . 

• 
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00 
2 chlorineatoms 

chlorine molecule (Cl2) 

Figure 3.21 The electron sharing to form the single covalent bond in Cl2 
molecules{sharingouterelectronshellsonly). 

0 

0 0 
0 
0 

carbon atom 4 hydrogen atoms 

Figure 3.22 Formation of methane. 

Other covalent compounds 
Methane (natural gas) is a gas whose m olecules 
contain atom s o f carbo n and hydrogen. The elect ro n 
stru ctures arc: 

6C2,4 1H l 

The carbon ato m need s four m ore d cctro ns to attain 
the d cct ron configuratio n o f the no ble gas neon. Each 
hyd rogen atom need s o nly on e elect ron to form the 
electron configuration ofhdium. Figure 3.22 shows 
how the atom s gain these electro n configu rations by 
th e sharing of electrons. Yo u will note that o nly the 
outer electro n energy levels a.re shown. Figure 3 .23 
shows the shape o f the methan e molecu le. 

methane molecule (CH.J 



H - C - H 

the methane molecule istetrahedral 

H 

b109.5° 

·T 
H ,' I \ H 

H 

a Methane molecule. 

Figure 3.23 

Ammonia is a gas containing the elements nitrogen 
and hydrogen. It is used in large amounts to make 
fertili sers. The electron configurations of th e two 
elements arc : 

7N 2,5 1H l 

The nitrogen atom needs three more electrons 
to obtain the noble gas structure of neon. Each 
hydrogen requires o nly one electron to fo rm the 
noble gas structure of helium. The nitrogen and 
hydrogen atoms share electrons, fo rmin g three 
single covalent bonds (Figure 3.24). Unlike methane 
the shape of an ammonia molecule is pyramidal 
( Figure 3.25 , p. 4 8 ). 

0 
Q ( ) 

0 
nitrogen at om 

Figure 3.24 Formation of ammonia. 

3 hydrogen at oms 

Covalent bonding 

lr' • 
• b Model of the methane molecule. The tetrahedral shape is caused by the 

repulsion of the C- H bonding pairs of electrons. 

Water is a liquid co ntaining th e elements hydrogen 
and oxygen. The electronic structures of the two 
elements arc: 

g02,6 

The oxygen atom needs two electrons to gain the 
electron configuratio n of neon. Each hydrogen 
requires one more electron to gain the electron 
configuration of helium. Again , the oxygen and 
hydrogen atoms share electrons, fo rming a water 
molecule with two sing le covalent bonds as shown 
in Figu re 3 .26. A water m olecule is V-shapcd 
(Figure 3.27 ). 

ammonia molecule (NH3) 
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a Ammonia molecule. 

Figure3 .25 

XX 
N 

/ l \ H' i\H 
H 107° 

0 0 
0 

oxygen at om 2 hyd rogen atoms 

Figu re3 .26 Formationofwater. 

a Water molecule. 

Figure3 .27 

XX 
X o X 

0 
H H 

Carbon dioxide is a gas containing the elements 
carbo n and oxygen. The elect ronic stru ctures of the 
two elem ents arc: 

6C 2,4 80 2,6 

In this case each carbo n a to m need s to sh are four 
elect rons to gain the electro n configuratio n o f neon . 

b Model of the ammonia molecule. The pyramidal shape is caused by the 
repulsion between the bonding pair5 of electrons as well as the lone pair 
(or non-bonding pair)of electrons. 

wat er molecu le (H20) 

b Model of a water molecule. This is a V-shaped molecule. 

Each oxygen need s to share two electrons to gain the 
electro n config uratio n o f neon. This is achi eved by 
forming two d ouble covalent bonds in which two 
pairs of electrons arc shared in each case, as shown 
in Figure 3.28 . Carbon dioxide is a linear molecule 
(Figure 3.29). 



0 () 0 
2 oxygen atoms carbon atom 

Figure 3.28 Formatk:inofcarbondioxide. 

o= c= o 
a Carbon dioxide molecule. Note the double covalent bond is 
representedbyadoubleline. 

b Model of the linear carbon dioxide molecule. 

Figure3 .29 

Questions 
1 Draw diagrams to represent the bonding in each of the 

following covalent compounds: 
a tetrachloromethane (CCl,V 
b oxygen gas (01) 
c hydrogen sulfide (H1S) 
d hydrogen chloride (HCI) 

e ethene (C2H4) 
f methanol (CH30H) 
g nitrogen (N2). 

2 Explain why the water molecule in Figure 3.27 is V-shaped. 

Covalent bonding 

carbon dioxide molecule (C02) 

Cova lent structu res 
Com pounds containin g covalent bonds have 
molecu les whose stru ctures can be classified as either 
simple m o lecular or g iant m o lecular. 

Sim ple molecular structures arc simple, fo rmed 
fro m o nly a few atom s. They have st rong covalent 
bonds between the atom s within a mo lecu le 
( intr.uno lecular bonds ) but have weak bonds 
between th e m olecules (intermolecular bonds ). 

Som e o f the st rongest o f these weak intermo lecular 
fo rces occur between water m olecules. 

One type o f wea k bo nd between m o lecule s is 
known as the van der Waals' bond (or fo rce ), and 
these fo rces increase steadily with the increasing 
size o f th e molecule. 

Exam p les of sim ple m o lecu les arc iodin e 
(Figure 3 .30), m ethane, water and eth ano l. 

weak intermolecu lar bond 

\ I 
\--- strong cova lent bond 

I 

Figu re 3.30 Strongcovalentandweakintermolecularforcesiniodine . 

• 
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Giant molecular or macrmnolecular structures 
contain many hundreds o f tho usands of atoms jo ined 
by stro ng covalent bo nds. Examples o f substances 
showing this type o f structure arc diam ond , graphite, 
sili con(rv) oxide (Figure 3.31 ) and plastics such as 
polythene (Chapter 14, p . 226). Plastics arc a tangled 
mass o f very long m o lecules in which th e ato ms arc 
jo ined together by st rong covalent bonds to form 
lo ng chains. M o lten plastics can be mad e into fibres 
by being forced throug h hundreds o f tiny holes in a 
'spinneret ' (Figure 15.19, p. 241 ). 1l1is process aligns 
the lo ng chains of atoms along the length o f the fibre. 
For a further discussio n o f plastics, sec Chapter 14, 
pp. 226- 9 and Chapter 15, p. 241. 

rr •0 Q ·s; 
a Thesilicon(iv)oxidestructure inquartz. 

m olecular substances have hig her melting poin ts, 
because th e who le structure is held together by 
stro ng covaknt bo nds. 

It sho uld be no ted that in io nic compo unds the 
interio nic fo rces arc much st ronger than the 
interm o lecular forces in simple covalent substances and 
so the melting and boiling points arc generally hig her. 

• Generally, they do no t condu ct electricity when 
m o lten or dissolved in water. This is because they 
do no t contain io ns. H owever, som e m o lecules 
actually react with water to fo rm io ns. Fo r example, 
hyd rogen chlo ride gas prod uces aqueous hyd rogen 
io ns and chl o rid e io ns when it dissolves in water: 

HCl(g) ~ W (,q) + Ci-(,q) 

• Generally, they do no t dissolve in water. H owever, 
water is an excellent solvent and can interact with and 
dissolve some covalent mo lecules better th an o thers. 
Covalent substances arc generally soluble in organic 
solvents. For a further discussio n o f solubility o f 
substances in organic solvents sec Chapters 14 and 15. 

Allotropy 
\.Yhcn an clem ent can exist in m o re than o ne physical 
fo rm in th e sam e state it is said to exhibit allotropy 
(or po lym o rphism ). Each o f the diffCrcnt physical 
fo rms is called an allotrope. Allo tro py is actually 
quite a commo n feature o f the elements the Peri odi c 
Tab le (p. 136). Som e examples o f elements which 
show allo tro py arc sulfur, tin, iron and carbo n . 

A llot ropes of ca rbon 
Carbon is a no n-metallic clement which exists in 
m o re than o ne solid stru ctural form. Its allotropcs arc 
called graphite and diamond. Each o f the allot ropcs 
has a difti:rcnt structure (Fig ures 3.32 and 3.33) and 

b Quartz is a hard solid at room temperature. It has a melting point of so the allo t ropcs exhibit different physical p roperties 
1610°( and a boiling point of 2230 °C. (Table 3 .7). The different physical p rop e rties that 

Figure 3.31 they exhibit lead t o th e allot ropcs being used in 
different ways (Table 3.8 and Figure 3.34 ). 

Properties of cova lent compounds Table 3.7 Physicalpropertiesofgraphiteanddiamond. 

Covalent compo und s have th e fo llowing properties. 

• As simple m olecular substances, th ey arc usually 
gases, liquids or solids with low melting and boiling 
points. The melting po ints arc low because o f the 
weak intermo lecular fo rces o f attraction whi ch 
exist between simple mo lecu les . These arc weaker 
compared to the stro ng covalent bo nds. Giant 

Property 

Appearance 

Electrical 
conductivity 

Hardness 

Density/gcm- 1 

Graph it e Diamond 

Adarkgrey,shiny A colourless transparent 
solid crystalwhichsparklesinlight 

Conducts electricity Does not conduct electricity 

A soft material with Avery hard substance 
a slippery feel 

2.25 3.51 



Table 3.8 Uses of graphite and diamond. 

Graphit e Diamond 

Pencils Jewellery 

Electrodes Glasscutte~ 

Lubricant Diamond-studded saws 

Drill bits 

Polishers 

Graphite 
Figure 3.32a shows the structure of g raphite. This is a 
layer struchire. \..Yithin each layer each carbon atom is 
bonded to th ree others by st rong covalent bonds. Each 
layer is therefore like a g iant mo lecule. Between these 
layers th ere arc weak fo rces o f attractio n (van der \..Yaals' 
forces) and so the laycrs will pass ovcr each other easily. 

VVith o nly three covalent bonds fo rmed between 
carbo n ato ms within the layers , an unbo nded d ectro n 

one layer 

' 
' I I I I 

: : : : : : : : 
: : : : : : : : 

' 

' ' 

showing how the layers fit t ogether 

a A portion of the graphite structure. 

Figure3.32 

Covalent bonding 

is present o n cach carbon ato m. These 'spare' (o r 
delocalised ) el ectrons fo rm elect ron clo uds between 
the layers and it is because o f these spare elect rons 
that g raphite condu cts electricity. 

In recent years a set of interesting compo unds known 
as graphitic compoun ds have been developed. In these 
compounds different ato ms have been fitted in between 
the layers of carbon atoms to produce a substance with 
a greater electrical conductivi ty than pure graphite. 
Graphite is also used as a component in certain sports 
equipment, such as tennis and squash rackets. 

Graphene 
Discovered in 2004, graphcne is a so -called super 
material made up o f single layers of graphite as sh own 
in the upper diag ram o f Figure 3.32a. It is able to 
conduct electricity one million times better than copper 
m etal and has eno rmo us potential in d ect ronics . 

Diamond 
Figure 3.33a shows the diam ond structure . Each o f 
the carbon ato ms in the g iant structure is covalently 
bo nded to four o thers. They fo rm a tetrah edral 
arrangem ent similar to that found in silicon( rv) oxide 
(p. 50). This bo nding scheme g ives rise to a very 

b A piece of graphite as imaged through a scanning tunnelling 
m1eroscope. 

• 



3 ATOMIC STRUCTURE AND BONDING 

~ 
a small part of the structure 

a view of a much larger part of the structure 

Figure3.33 

rigid, three-dimensio nal structure and accounts fo r 
the extrem e hardness o f the substan ces sili con( rv) 
oxide and diamo nd. All the outer energy level 
electro ns o f the carbo n ato m s arc used to form 
covalent bo nds, so there arc no elect rons available to 
enable diam o nd to condu ct electricity. 

It is possible to manufacture the different 
all otropcs o f carbo n. Diam o nd is made by heating 
graphite to abo ut 300 °C at very hig h pressures. 
Diamo nd made by this m ethod is known as industrial 
diamo nd . Graphite can be mad e by heatin g a mixture 
o f coke and sand at a very hig h temperature in an 

The vario us uses o f graphite and diamo nd result 
from their diftCrin g properties (Figure 3.34 ). 

electric arc furnace fo r abo ut 24 ho urs. Figure 3.34 Uses of graphite (as a pencil 'lead' and in a squash racket) 
and diamond (as a toothed saw to cut marble and on a dentist's drill). 



Buckminsterfullerene - an unusual 
form of carbon 
In 1985 a new all otrope of carbon was obtained by 
Richard Small ey and Robert Curl o f Rice U niversity, 
Texas . It was fo rmed by the action of a laser beam o n 
a sample of g raphite. 

The stru cture of buckminsterfull erene can be seen 
in Figure 3.35. 

Figure 3.35 Buckminsterfullerene -a 'bucky ball' (Cw}. 

Covalent bonding 

This spheri cal structure is composed of 60 carbon 
atoms covalently bonded together. Further spherical 
fo rm s of carbon, ' bucky balls', containing 70, 72 
and 84 carbon atoms have been identified and 
the discovery has led to a whole new branch of 
ino rganic carbon chemistry. It is tho ught that this 
type of molecu le ex ists in chimney soot . Chemists 
have suggested that due to th e large surface area 
of th e bucky balls they may have uses as catalysts 
(C hapter 7, p. 109 ). Also they may have uses as 
supercondu cto rs. 

Buckminsterfullerene is named after an American 
architect, Buckminster Fuller, who built complex 
geometrical structures (Figure 3. 36). 

Questions 
1 Explain the difference between ionic and covalent bonding. 

Discuss in what ways the electronic structure of the noble 
gases is important in both of these theories of bonding. 

2 Compare the structures of silicon(IV) oxide (p. SO) and 
diamond, and describe their physical properties in terms of 
these structures. 

- -... 

Figure 3.36 C60 has a structure similar to a football and to the structure of the domes at the Eden Centre, Cornwall, uk. 
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• Glasses and ceramics 
Glasses 
G lasses arc irregular giant molecu lar structures 
hd d together by st rong covalent bonds. Glass can 
be made by heating silicon(1v) oxid e with o ther 
substances until a thick visco us liquid is fo rmed. As 
this li quid cools, th e ato ms present cannot move 
frcd y eno ug h to return to their arrangem ent within 
the pure silicon(1v) oxide stru cture. Instead they arc 
fo rced to fo rm a disordered arrangem ent as shown in 
Figure 3.37. Glass is called a supercooled liquid. 

~ 
• o • si 

Figure 3.37 Two-dimensional structure of si licon(w) oxide. 

The glass used in bo ttles and windows is soda g lass. 
This type o f g lass is m ade by heating a mixture o f 
sand (silicon(1v) oxid e ), soda (sodium carbonate ) 
and lime (calcium oxide ). Pyrcx is a borosilicate g lass 
(Fig ure 3. 38 ). It is made by incorporating som e 
boron oxide into the silicon(1v) oxide stru cture so 
that silicon ato ms arc replaced by boro n ato ms. This 
type o f glass is to ug her than soda glass and m o re 
resistant to temperature changes . It is, therefore, 
used in the manufac ture o f cookin g utensils and 
laborato ry glassware. 

Figure 3.38 This glassware is made from Pyrex, a heat-resistant glass. 

Ceramics 
The word ceramic com es fro m the G reek word 
keramos m eaning pottery o r ' burnt stuff'. C lay 
dug fro m th e ground contains a mixture o f several 
m aterials. The m ain o ne is a mineral called kaolinitc, 
Al2Si20 5(0 H )4, in which the ato ms arc arranged 
in layers in a g iant stru cture. While wet, the clay 
can be m oulded because the kaolinite crystals m ove 
over o ne ano ther. H owever, when it is dry the clay 
becom es rigid because the crystals stick together. 

During firing in a fornacc, the clay is heated to 
a temperature o f l 000 °C . A complicated seri es 
o f chemical changes take place, new minerals arc 
fo rmed and som e o f the substances in th e clay react 
to form a type o f g lass. The material produ ced at 
the end o f the firing, the ceramic, consists o f m any 
minute mineral crystals bonded together with g lass . 

Mo dern ceramic m aterials now include zirconium 
ox ide (Zr0 2 ) , titanium carbide (TiC ), and silicon 
nitrid e (SiN). There arc now many m o re uses o f 
these new ceramic materials. Fo r example, vehicle 
compo nen ts such as ceramic bearings do not 
need lubrication - even at hig h speeds. In space 
techn ology, cerami c tiles protected the Space Shuttle 
fro m intense heat during its re -entry into tl1c Eartl1 's 
atm osphere . ln tl1e power suppl y industr y, they are 
used as insulato rs du e to th e fact tlut tl1cy do no t 
condu ct electricity (Fig ure 3.39). 

Figure3.39 Ceramicdiscspreventshort-circuits inthenationalgrid. 



Questions 
1 Draw up a table to summarise the properties of the 

different types of substances you have met in this 
chapter. Your table should include examples from ionic 
substances, covalent substances (simple and giant), 
ceramics and glasses. 

2 Use your research skills, including using suitable websites, 
to discover details of recently developed bioceramics as 
well as ceramics used as superconductors. 

• Metallic bonding 
Ano ther way in which ato ms obtain a more sta ble 
elect ron stru cture is found in m etals. The elect rons 
in the o uter energy level o f the atom o f a m etal 
move freely th roug ho ut the structure ( they arc 
delocalised fo rming a m o bile 'sea' o f electrons, 
(Figure 3 .40 ). When the m etal ato ms lose these 
elect rons, th ey fo rm a lattice o f positive ions. 
Therefore, m etals consist o f positive io ns embedded 
in moving cloud s o f elect rons. The negatively 
charged electrons attract all th e positive metal io ns 
and bond them together with st rong elect rostatic 
fo rces o f attractio n as a single unit. This is th e 
metallic bo nd. 

0 0 0 0 

0 0 0 0 

0 - 0 0 0 

Figure 3.40 Metals consist of p:>5itive ions surrounded by a 'sea' of 
electrons. 

Properties of metals 
M etals have the following properties . 

• They usually have high melting and boiling points 
du e to the st rong attractio n between the positive 
m etal io ns and the m o bile 'sea' o f electro ns. 

Metallic bonding 

• They conduct electri city due to the m o bile 
electrons within th e metal structure. VVhcn a 
m etal is conn ected in a circuit , the elect rons m ove 
towards the positive terminal while at the sam e 
time elect rons arc fed into the o ther end o f the 
m etal from the negative terminal. 

• They arc m alleable and ductile. Unlike the fixed 
bo nds in diam o nd , m etallic bo nds arc no t rig id but 
arc still st rong. If a fo rce is appli ed to a metal, rows 
o f ions can slide over o ne ano ther. They repositio n 
themselves and the st rong bo nds re-fo rm as shown 
in Fi gure 3 .41. Mallea ble m eans that m etals can 
be hamm ered into different shapes. Ducti le m eans 
that th e metals can be pulled o ut into thin wires . 

before 

after 

Figure 3.41 The positions of the positive ions in a metal before and after 
a force has been applied. 

• They have hig h densities because the ato ms arc 
very closely packed in a regular m anner as can be 
seen in Figure 3 .42 . Different metals show different 
types of packing and in doing so they produce the 
arrangem ents o f io ns shown in Fig ure 3 .43 . 

Figure 3.42 Arrangement of ions in the crystal lattice of a metal. 
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11rsim 
close-packed body-centred face<entred 
hexagonalstructure cubic structure cubic structure 
(e.g. magnesium, (e.g. iron, (e.g. copper, 
density= density= density= 
1.74g cm-1) 7.87 g cm-1) 8.92 g cm- 1) 

Figure3.43 Relatingdifferentstructurestothedensityofmetals. 

Checklist 
After studying Chapter 3 you should know and understand the 
following terms. 

• Allotropy The existence of an element in two or more 
different forms in the same physical state. 

• Atomic mass unit . Exactly -/~ of the mass of one atom of 
the most abundant isotope o carbon-12. 

• Ceramics Materials such as pottery made from inorganic 
chemicals by high-temperature processing. Other modern 
ceramics include zirconium oxide and silicon nitride. 

• Covalent bond A chemical bond formed by the sharing 
of one or more pairs of electrons between two atoms. 

• Delocalised Refers to spreading out of electrons within 
the metal structure. 

• Electron A fundamental sub-atomic particle with a 
negative charge present in all atoms within energy levels 
around the nucleus. 

• Electron energy levels (shells) The allowed energies of 
electrons in atoms. 

• Electronic structure {configuration) A shorthand 
method of describing the arrangement of electrons within 
the energy levels of an atom. 

• Electrostatic force of attraction A strong force of 
attraction between opposite charges. 

• Giant ionic structure A lattice held together by the 
electrostatic forces of attraction between ions. 

• Giant molecular or macromolecular substance A 
substance contain ing thousands of atoms per molecule. 

• Glass A supercooled liquid which forms a hard, brittle 
substance that is usually transparent and resistant to 
chemical attack. 
Intermolecular bonds Attractive forces which act 
between molecules, for example van der Waals' forces. 

• lntramolecular bonds Forces which act within a 
molecule, for example covalent bonds. 

• Ion An atom or group of atoms which has either lost one 
or more electrons, making it positively charged, or gained 
one or more electrons, making it negatively charged . 

• Ionic {electrovalent) bond A strong electrostatic force of 
attraction between oppositely charged ions. 

Questions 
1 Explain the terms: 

a malleable b ductile. 
2 Explain why metals are able to conduct heat and 

electricity. 
3 Explain why the melting point of magnesium (649°C) is 

much higher than the melting point of sodium (97.9°C). 
4 Suggest reasons why plastics and ceramics are used to 

manufacture handles for metallic cooking utensils. 

• Ionisation The process whereby an atom gains or loses an 
electron(s) to become an ion. 

• Isotopes Atoms of the same element which possess 
different numbers of neutrons. They differ in nucleon number 
(mass number). 

• Lattice A regular three-dimensional arrangement of 
atoms/ions in a crystalline solid. 

• Mass spectrometer A device in which atoms or molecules 
are ionised and then accelerated. Ions are separated 
according to their mass. 

• Metallic bond An electrostatic force of attraction 
between the mobile 'sea' of electrons and the regular array 
of positive metal ions within the solid metal. 
Neutron A fundamental, uncharged sub-atomic particle 
present in the nuclei of atoms. 

• Nucleon number (mass number) Symbol A. The total 
number of protons and neutrons found in the nucleus of an 
atom. 

• Nucleus Found at the centre of the atom, it contains the 
protons and neutrons. 

• Oxidising agent A substance that causes an increase in 
oxidation number. 

• Oxidation The process of removing an electron or 
electrons from an atom to create a positive ion. Gives an 
increase in oxidation number. 
Proton A fundamental sub-atomic particle which has a 
positive charge equal in magnitude to that of an electron. 
Protons occur in all nuclei. 
Proton number (atomic number) Symbol Z. The 
number of protons in the nucleus of an atom. The number 
of electrons present in an atom. The order of the element 
within the Periodic Table (p. 136). 
Radioactive A property of unstable isotopes. They 
disintegrate spontaneously to give off one or more types of 
radiation. 
Radioisotope A radioactive isotope. 
Reducing agent A substance that causes a decrease in 
oxidation number. 

• Reduction The process of adding an electron or electrons 
to an atom to create a negative ion. Gives a decrease in 
oxidation number. 



• Relative atomic mass Symbol A,. 

A, = average mass of isotopes of the element 

-& x mass of 1 atom of carbon-12 

• Simple molecular substance A substance that possesses 
between one and a few hundred atoms per molecule. 

• Supercooled liquid One which has cooled below its 
freezing point without solidification. 

• Valency The combining power of an atom or group of 
atoms. The valency of an ion is equal to its charge. The 
charge is often referred to as the atom's oxidation state. 

• X-ray diffraction A technique often used to study crystal 
structures. 

Check list 



Q Atomic structure and bonding 

• Additional questions 
1 a Define the terms: proto n , neutron an d electro n. 

b An ato m X h as a proto n num ber of 19 and 
relative atomic mass o f 39 . 
(i) H ow m any elect rons, proto ns and neutrons 

arc there in an ato m o fX? 
(ii) H ow m any elect rons will there OC in th e 

outer energy kvd (shell) of an atom ofX? 
(iii)What is the electronic configuration ofX? 

2 a '.f:Ga and ~\Ga arc isotopes of gallium. 
With reference to this example, explain what you 
understand by the term isoto pe. 

b A sample of gallium co ntains 60% o f ato ms o f 
'.fiGa and 40% of atoms of ~} Ga. Calculate the 
relative atomic mass o f this sample o f gallium. 

3 Draw diagram s to show the b o nding in each o f the 
fo ll owing compo unds: 
a calcium fluoride (CaF2 ) 

b oxygen (0 2 ) 

c magnesium chloride (MgCl2 ) 

d tctrachlorom cthanc (CC14 ) . 

4 U se th e in formatio n given in Table 3 .6 o n p. 4 3 to 
work o ut the fo rmula fo r: 
a silver oxide 
b zinc chloride 
c potassium sulfate 
d calcium nitrate 

e iron(11 ) nitrate 
f copper(n ) carbonate 
g iron(m ) hyd roxide 
h aluminium flu oride . 

5 Atoms o f elem ents X , Y and Z have 16, 17 and 
19 elect rons, respectively. Ato ms o f argon have 
18 elect rons. 
a D etermine the formulae o f the compo unds 

fo rmed by th e combin atio n o f the ato ms o f the 
elem ents: 
(i) X and Z 
(ii) Y and Z 
( iii)X withitself. 

b In each o f the cases shown in a(i)- (iii) above, 
nam e the type o f chemical bond formed. 

c Give two properties you would expect to be shown 
by the com pounds formed in a(ii) and a(iii). 

6 The diagram shows th e arrangem ent o f the o uter 
elect rons o nly in a m o lecule o f cthano ic acid. 
a N am e the different elem ents found in this 

com pound. 
b What is the to tal num ber o f ato ms present in this 

mo lecule? 

c Between whi ch two ato ms is th ere a double 
covalent bond ? 

d H ow m any single covalent bo nds does each 
carbo n atom have? 

e Write a paragraph explaining the sorts of properties 
yo u would expect this substance to have. 

7 The elem en ts sodium and chlo rine react togeth er 
to fo rm the compo und sodium chloride, which has 
a giant io nic latti ce structure. 
a What type o f structure do th e elements 

(i) sod ium and (ii) chlo rine have? 
b Draw a diagram to represent how the io ns arc 

arranged in th e crystal lattice o f sodium chlo ride. 
c Explain how th e ions arc held together in this 

crystal lattice. 
d Draw diag rams to show how the elect rons arc 

arran ged in a sodium io n and a chlo ride io n . 
(The proto n numbers o f sodium and chlo rine 
arc 11 and 17 , respectively. ) 

e Make a table showing the properties o f the 
three substances sodium, chlo rin e and sod ium 
chloride. Include in your table: 
(i) the physical state at room temperature 
(ii ) solubili ty in (or reactio n with ) water 
(iii) colo ur 
(iv) electrical co nductivity. 

8 Explain the followin g. 
a Ammo nia is a gas at room temperature. 
b The melting po ints o f sodium chloride and 

iodine arc very different. 
c Metals generally arc good conductors of electricity. 
d Buckminstcrfollcrcnc is an allo tro pe of carbo n. 
e Graphite conducts electricity but diamo nd 

docs no t . 



Stoichiometry - chemical calculations 

Relative atomic mass 

Reacting masses 

Calculating moles 
Moles and elements 
Moles and compounds 
Moles and gases 
Moles and solutions 

• Relative atomic mass 
There arc at present 1 18 different elem ents kn own. 
The atom s o f these elements differ in mass becau se 
o f the different numbers o f protons, neutrons and 
elect rons they contain. The actual mass of o n e ato m 
is very sm all. Fo r example, th e m ass of a sing le ato m 
o f sulfur is aro und: 

0 .000 OOO OOO OOO OOO OOO OOO 053 16 g 

This sm all quantity is no t easy to work with so, as you 
saw in C hapter 3 , a scale call ed th e rela tive atomic 
mass scale is u sed. In this scale an atom o f carbo n is 
given a relative ato mic mass, An o f 12 .00. All o ther 
atom s o f the o ther elem ents arc given a relative 
atomic mass compared to that o f carbo n . 

AnH atomis b. 
the mass of a C atom 

An Mg atom is tw ice 
the mass of a C atom 

Calculating formulae 
Finding the formula 

Moles and chemica l equations 

Checklist 

Addit ional questions 

0 2 has a relative fo rmula mass of2 x 16 = 32 
C 0 2 has a relative fo rmula mass of 12 + (2 x 16) = 44 

So we can now use the equatio n to answer the 
questio n asked earlie r. 

C + 0 2 _,. C0 2 

12 32 44 

Conver t ing these relative masses to actual masses b y 
adding m ass units, g , would g ive: 

C + 0 2 

12 32 
12 g 32 g 

co, 
44 

44 g 

The above calculation shows that if l 2 g of carbon 
were burned completely then 44 g of carbon di oxide 
gas would be formed. So 6 g of carbon burning 
would result in the formation of 22 g of carbon 

>----~----~M', --~-----;Ca di oxide gas. 

24 32 40 
Let u s look at ano ther cxampk: . What mass o f 

12 
fixed 

Figure4.1 Therelativeatomicmassesoftheelement:5 H, C, Mg, Sand Ca. 

• Reacting masses 
C hemists o ften n eed to be able to show the relative 
masses o f the a to m s involved in a chemi cal process. 
Fo r example, what m ass o f carbo n dioxide would be 
produced if 6 g o f carbon was completely combusted ? 

In stead o f u sing the actual masses o f ato m s we use 
the relative atomic mass to help us an swer t his type o f 
qu estion. 

In the example above we can work o ut the relative 
formu la m ass o f m olecules such as 0 2 and C 0 2 
u sing the relative atomic masses o f the ato m s th ey 
arc made fro m. The RFM is the sum o f the rela tive 
atomic masses o f all th ose ele ments shown in the 
fo rmula o f the substance. 

hydrogen gas would be produced if 46 g of sodium 
was reacted with water? First o f all write d own the 
balanced chemical equatio n: 

Next find the relative ato mic mass o f sodium fro m 
the Peri odi c Tabl e (p. 136) and wo rk ou t the relative 
formula masses o f water, sodium hyd roxid e and 
hyd rogen gas. 
Relative ato mic mass o f sodium is 23. 
Relative formula mass o f water, H 20 , is 
(2x l )+ l 6 ~ 18 
Relative fo rmula mass o f sodium hydroxide is 
23 +1 6 +1= 40 
Relative formula mass of hydrogen gas, H 2, is 2 x l = 2 
N ow you can write th ese masses und er the balanced 
ch emical equat io n taking into account the numbers 
u sed to balance th e equatio n. 

2Na + 2H2 0 2NaO H + H2 
2 X 23 = 46 2 X 18 = 36 2 X 40 ~ 80 2 

• 



4 STOICHIOMETRY - CHEMICAL CALCULATIONS 

These relative masses can now be con verted into 
actual o r reacting masses by putting in mass units, fo r 
cxampk, g rams. 

2Na 
2 X 23 = 46 

46 g 

2H20 
2 x l8 = 36 

36g 

2NaOH + H2 
2 X 40 ~ 80 2 

80g 2g 

So the answer to the question o f what mass of 
hydrogen would be produced if 46 g of sodium was 
reacted with water is 2 g. 

Questions 
1 What mass of carbon dioxide gas would be produced 

if 10g of calcium carbonate reacted with an excess of 
hydrochloric acid? 

2 What mass of sulfur dioxide would be produced if 64 tonnes 
of sulfur was completely reacted with oxygen gas? 

C hemi sts o ften need to know how mu ch o f a 
substance has been formed o r used up during a 
chemical reaction (Figure 4.2 ). This is particularly 
important in the chemical industry, where the 
substances being reacted (the reactants ) and th e 
substances being produced (th e products) are worth 
tho usands of po und s. \..Vastc costs m o ney! 

This number is 6 x l 023 atoms, io ns o r m ok cuks 
and is called Avogadro's con stant after the fam o us 
Italian scienti st Amedeo Avogadro (1776- 1856). An 
amount o f substance containing 6 x 1023 particl es is 
called a mole (often abbreviated to m ol). 

a A mole of magnesium. 

Figure4.3 

Figure 4 .2 The chemists at paint manufacturers need to know how 
much pigment is going to be produced. 

To solve this problem they need a way o f counting 
atoms, io ns o r m olecules. Atoms, io ns and m olecul es 
arc very tiny particles and it is impossible to m easure 
o ut a d ozen or even a hundred o f them. Instead , 
chemists weigh out a very large number o f particles . 

So, a m o le o f the element magnesium is 
6 x I 023 atoms o f magnesium and a m o le o f 
th e elem ent carbo n is 6 x 1023 atoms o f ca rbo n 
(Figure 4.3 ). 

b Amole ofcarbon. 



• Calculating moles 
You have already seen in C hapter 3 how we can 
compare th e m asses o f all the o ther a to m s with 
the mass o f carbo n ato ms. This is the basis o f the 
relative ato mic m ass scale. C hemists have found by 
experiment that if you take th e relative ato mic m ass 
o f an clement in g ram s, it always contains 6 x 1023 

o r o n e m o le o f its ato m s. 

Moles and elements 
For cxampk, the relative ato mic m ass (Ar) o f iron is 
56, so o ne m o le o f iron is 56g. Therefore, 56g of 
iro n co ntains 6 x 1023 ato m s. 

The A. fo r aluminium is 27 . In 27 g of aluminium 
it is fo und that there arc 6 x 1023 ato m s. Therefore, 
27 g of aluminium is o ne mok o f aluminium ato ms. 

The m ass o f a substance present in any number o f 
mo k s can be calculated using the relatio nship: 

mass 
(in grams) 

Example 1 

num ber m ass o f 1 m ole 
o f m oles o f th e element 

Calculate the m ass o f a 2 mo les and b 0. 25 m ole o f 
iron. (A,: Fe = 56) 

a m ass of2 m oles o f iron 
= number o f mo les x relative ato mic mass (A.) 
= 2 X 56 
~ 11 2g 

b m ass of0.25 m ole of iron 
= number o f mo les x relative ato mic m ass (A.) 
=0.25 X 56 
~ 14 g 

If we know the m ass o f the clem ent then it is 
possible to calculate the number o f m o les o f that 
clem ent usin g: 

m ass o f the clement 
num ber o f m o les = ---------­

mass o f 1 m o le o f that clement 

Example 2 

Calcu late the nL1m bcr of m o les o f aluminiL1m present 
in a 108g and b 1 3.5 g o f the elem ent. (A.: Al= 27) 

a number o f moles o f aluminium 
m ass o f aluminium 

m ass o f 1 m ole of aluminium 

108 

27 
=4 mo les 

b number o f m o les o f aluminium 

mass o f aluminium 

m ass of 1 m ole o f aluminium 

13.5 

27 
= 0. 5 mole 

Moles and compounds 

Calculating moles 

The idea o f th e m ole has been used so far o nly with 
elem ents and ato ms. H owever, it can also be used 
with compo unds (Fig ure 4.4 ). 

Figure 4.4 One mole of water (H20) (left) and one mole of ethanol 
(C2H50H) (right) in separate measuring cyl inders. 

Wh at is the m ass of 1 m ole o f water (H 20 ) 
mo lecules? (A, : H = l ; 0 = 16 ) 

From the formula o f water, H 2 0 , you will sec that 
1 mole o f water m olecules contains 2 m oles o f 
hyd rogen (H ) ato ms and 1 m o le o f oxygen (0 ) 
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atoms. The mass of 1 mole of water mokculcs is 
therefore: 

(2 x l )+( l X 16) ~18 g 

The mass of 1 mole of a compound is called its 
mobr mass. If you write the molar mass ofa 
compound without any units then it is the relative 
formula mass, often called the relative molecular 
m:iss (Mr )· So the relative formula mass of water 
is 18. 

Now follow these examples to help you learn and 
understand more about moles and compounds. 

Example 1 
\V:hat is a the mass of 1 mole and b the relative 
formula mass (RFM ) of ethanol, C 2H 50H? 
(A,., H~ l ;C ~ 12;0 ~ 16) 

a One mole ofC2H 50H con tains 2 moles of carbon 
atoms, 6 moks of hydrogen atoms and 1 mole of 
oxygen atoms. Therefore: 

mass of 1 mole of ethano l 
~ (2 x 12) + (6 x l ) + ( l x 16) 
~ 46g 

b The RFM of ethanol is 46. 

Example 2 
What is a the mass of l mole and b the RFM of 
nitrogen gas, N2? (Ar: N = 14) 

a Nitrogen is a diatomic gas. Each nitrogen 
molecule contains two ;1toms of nitrogen. 
Therefore: 

mass of 1 mole ofN2 
= 2 X 14 
~ 28g 

b The R.FM ofN2 is 28. 

The mass of ;1 compound found in any number of 
moles c;1n be calculated using the rdationship: 

m;1ss of = number of moles x m;1ss of 1 mole 
compound of the compound of the compound 

Example 3 
C;1lculate the mass of a 3 moles ;1nd b 0.2 moles of 
carbon dioxide g;1s, C02 • (A,.: C = 12; 0 = 16 ) 

a One mole of C02 contains 1 mole of carbon 
atoms and 2 moles of oxygen atoms. Therefore: 

mass of 1 mole of C02 
~ (l X 12) + (2 X 16) 
~ 44g 

mass of 3 moles of C02 
= number of moles x mass of 1 mole of C02 
= 3 X 44 
~ 132g 

b mass of0.2 mole ofC02 
= number of moles x mass of 1 mole of C02 
= Q.2 X 44 
~ 8.8g 

lfwe know the mass of the compound then we can 
calculate the number of moles of the compound 
using the relationship: 

number ot moles mass of compound 

of compound mass of 1 mole of the compound 

Example 4 
Calculate the number of moles of magnesium oxide, 
MgO, in a 80 g and b 10g of the compound. 
(A.c0~16;Mg~24) 

a One mole of MgO contains 1 mole of magnesium 
atoms and 1 mole of oxygen atoms. Therefore: 

mass of l mole of MgO 
~ (l x 24) + (1 X 16) 
~40 g 

number of moles of MgO in 80 g 
mass of MgO 

mass of l mole of MgO 
80 

40 
= 2 moles 

b number of moles of MgO in 10 g 
massofMgO 

mass of 1 mole of MgO 
10 

40 
= 0.25 mole 



Moles and gases 
Many substances exist as gases. Ifwe want to find 
the number of moles of a gas we can do this by 
measuring the volume rather than the mass. 

Chemists have shown by experiment that: 

One mole of any gas occupies a volume of 
approximately 24 dm3 (24 litres ) at room 

temperature and pressure (rtp ). This quantity is also 
known as the molar gas volume, Vm. 

Therefore, it is relatively easy to convert volumes of 
gases into moles and moles of gases into volumes 
using the following relationship: 

number of moles= volume of the gas (in dm3 at rtp) 

of a gas 24 dm 3 

volume of 
a gas 

number of moles x 24 dm3 

of gas (in dm 3 at rtp ) 

Example 1 
Calculate the number of moles of ammonia gas, 
NH3, in a volume of72dm3 of the gas measured 

at ~1~ 1~,ber of moles _ volume of ammonia in dm3 

of ammonia - 24dm3 

72 

24 

~ 3 

Example 2 
Calculate the volume of carbon dioxide gas, C02 , 

occupied by a 5 moles and b 0.5 mole of the gas 
measured at rtp. 

a volume of C02 
= number of moles ofC02 x 24dm3 

= 5 X 24 
= 120dm3 

b volume of C02 
= number of moles ofC02 x 24dm3 

=Q. 5 X 24 
= 12dm3 

The volume occupied by one mole of any gas must 
contain 6 x 1023 molecules. Therefore, it follows 
that equal volumes of all gases measured at the 
same temperature and pressure must contain the 

Calculating moles 

same number of molecules. This idea was also first 
put forward by Amedeo Avogadro and is called 
Avogadro's Law. 

Moles and solutions 
Chemists o ften need to know tht: concentration 
of a solution. Sometimes it is measured in grams 
per cubic decimetre (gdm-3 ) but more often 
concentration is measured in moles per cubic 
decimetre (moldm-3 ). When l mole of a substance 
is dissolved in water and the so lution is made up to 
ldm3 ( 1000cm3 ) , a 1 molar ( lmoJdm- 3 ) solution 
is product:d. Chemists do not always need to make 
up such large volumes of so lution. A simple method 
of calculating the concentration is by using the 
relationship: 

concentration (in moldm-3 ) 

Example 1 

number of moles 

volume (in dm3 ) 

Calculate the concentration ( in mol dm-3 ) of a 
solution of sodium hydroxide, NaOH, which was 
made by dissolving 10 g of solid sodium hydroxide 
in water and making up to 250cm 3 . (A.: H = l ; 
o~ 16;N, ~2 3) 

1 mole of Na OH contains 1 mole of sodium, 
l mole of oxygen and 1 mole of hydrogen. 
Therefore: 

mass of 1 mole ofNaOH 
~ ( l X 23) + (1 X 16)+ (1 X 1) 
~40g 

number ofmoks of Na OH in 10g 
massofNaOH 

mass of 1 mole ofNaOH 
10 

40 
~ 0.25 

(250cm 3 =~dm3 = 0.25dm3 ) 
1000 

concentration of the NaOH solution 
number of moles ofNaOH 

volume of solution (dm3 ) 

0.25 

0.25 

= lmoldm-3 
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So metim es chemists need to know the mass o f 
a substance that has to be disso lved to prepare a 
known volume o f solutio n at a given co ncentratio n. 
A simple m ethod o f calculating the number o f m oles 
and so the mass o f substance need ed is by using the 
relationship: 

number o f = concentratio n x 
m o les (in m o ldm-3 ) 

Example 2 

volume in solution 
(indm3 ) 

C alculate the mass o f po tassium hyd roxide, KOH, 
that need s to be used to prepare 500 cm 3 o f a 
2 mol dm-3 solution in water. (~: H = l ; 0 = 16; 
K~39) 

number o f mo les o f KOH 
= concentratio n o f solutio n x volum e o f solutio n 

(moldm-3 ) (dm3 ) 

=2 x ~ 
1000 

~ I 

l m o le o f KOH contains l m o le o f p o tassium, 
1 mole of oxygen and 1 mo le o f hydrogen. 
Therefore: 

mass o f 1 m o le o f KOH 
~ ( I x 39)+( 1 x 16) + (1 x I ) 
~ 56 g 

Therefore: 

mass o f KOH in l mo le 
= number o f mo les x mass o f 1 m o le 
= 1 X 56 
~ 56 g 

Questions 
Use the values of A, which follow to answer the questions 
below. 
H = 1; C = 12; N = 14; 0 = 16; Ne = 20; Na = 23; 
Mg = 24;5 = 32; K = 39; Fe = 56; Cu = 63.5; Zn = 65. 
One mole of any gas at rtp occupies 24dm3. 
1 Calculate the number of moles in: 

a 2 g of neon atoms 
b 4g of magnesium atoms 
c 24g of carbon atoms. 

2 Calculate the mass of: 
a 0.1 mole of oxygen molecules 
b 5 moles of sulfur atoms 
c 0.25 mole of sodium atoms. 

3 Calculate the number of moles in: 
a 9.Bg of sulfuric acid (H2SO,J 
b 40g of sodium hydroxide (NaOH) 
c 720g of iron(•) oxide (FeO). 

4 Calculate the mass of: 
a 2 moles of zinc oxide (ZnO) 
b 0.2 5 mole of hydrogen sulfide (H2S) 
c 0.35 mole of copper(•) sulfate (CuSO,J. 

5 Calculate the number of moles at rtp in: 
a 2 dm1 of carbon dioxide (C01) 
b 240dm3 of sulfur dioxide (S01) 
c 20cm3 of carbon monoxide (CO). 

6 Calculate the volume of: 
a 0.3 mole of hydrogen chloride (HCI) 
b 4.4g of carbon dioxide 
c 34g of ammonia (NH3). 

7 Calculate the concentration of solutions containing: 
a 0.2 mole of sodium hydroxide dissolved in water and 

made up to 100cm1 

b 9.Bg of sulfuric acid dissolved in water and made up 
to 500cm3. 

8 Calculate the mass of: 
a copper(n) sulfate (CuS04) which needs to be used to 

prepare 500cm3 of a 0.1 moldm-3 solution 
b potassium nitrate (KN03) which needs to be used to 

prepare 200cm3 of a 2 moldm-3 solution. 

• Calculating formulae 
If we have 1 mo k o f a compo und , then the formula 
shows the number o f m o les o f each element in that 
compo und. For example , the formula for lead(n ) 
b romid t: is PbBr2 . Thi s mt:ans that 1 m o k o flead (11 ) 
b romide contains 1 m ole o f lead io ns and 2 mo les 
o f b romide io ns. Ifwe do no t know the formula o f 
a compo und , we can find the masses ofth t: d em t:nts 
present experimentally and these masses can be used 
to wo rk out the fo rmula of that compo und. 

Finding the formula 

Magnesium oxide 
When mag nesium ribbon is heated strongly, it 
burns very brightly to fo rm the white powder called 
magnesium oxide (Fig ure 2 .7, p . 14). 

mag nesium + oxygen --,. magnesium oxide 



pipe clay 
triangle 

tripod 

crucible 

Figure 4.5 Apparatus used to determine magnesium oxide's 
formula. 

Table 4.1 Data from the experiment shown in Figure 4.5. 

Mass of crucible 14.63g 

Mass of crucible and magnesium 14.87g 

Mass of crucible and magnesium oxide 15.03g 

Mass of magnesium used 0.24g 

Massofoxygenwhichhasreacted'Niththe 0.16g 
magnesium 

The data shown in Table 4.1 were obtained 
from an experiment ll sing the apparatus shown 
in Figure 4.5 to find th e formula for this white 
powder, magnesium oxide. From these data we can 
calculate the number ofm ok s of each of the reacting 
elements. (A, : 0 = 16; M g = 24 ) 

Mg 0 
M asses reacting (g ) 0.24 0.16 

Number of mo les 
0.24 0.16 

24 16 
~ 0.01 ~0.01 

Rati o of moles 1 1 
Formula MgO 

Calculating formulae 

Unknown compound 1 
In ano ther experiment an unknown o rganic 
compound was found to contain 0.12 g of carbon 
and 0.02g of hydrogen. Calculate the empiri cal 
fo rmula of the compound. (A,. : H = l ; C = 12) 

C H 
M asses (g) 0.12 0.02 

Number ofmok s 
0.12 0.02 

12 1 
~0.01 ~0.02 

Ratio of moles 1 2 
Empirical fo rmula C H 2 

From our kn owledge of bonding (C hapter 3, p. 46) 
we know that a molecule of this fo rmula cann ot exist . 
H owever, molecuks with the fo llowing formulae do 
exist : C2H 4, C 3H 6 , C4H 8 and C5H 10 . All o f these 
formulae show the same ratio o f carbon atoms to 
hyd roge n atoms, C H 2, as our llnknown . To find Ollt 
which of these fo rmulae is the actual fo rmula fo r the 
unknown organic compound , we need to know the 
mass of one mole of the compound. 

Using a mass spectrometer, the relative molecular 
mass (M,) of this o rganic compound was found to 
be 56 . We need to find Ollt the num ber of empirical 
fo rmulae units present: 

M, of the empirical formula unit 
~ ( l X 12 ) + (2 x 1) 
~ 14 
Num ber of empiri cal fo rmula uni ts present 

M, of compound 

Mr of empiri cal fo rmula llnit 

56 

14 
~4 
Therefore, the actual fo rmula of the unknown 
organic compound is 4 x C H 2 = C4H 8 . 

Thi s substance is called butene. C4H 8 is the 
molecular fomnda fo r this substance and shows th e 
actual numbers of atoms of each clement present in 
one mo lecule of the substance . 

Sometimes the composition of a compound 
This formula is th e empirical formula of th e is g iven as a percentage by mass of the elements 
compound. It shows th e simplest ratio o f the atoms present. In cases such as this the procedure shown in 
present. the next example is fo llowed. 
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Unknown compound 2 
Calculate the empirical formula o f an organi c 
compound co ntaining 92.3% carbon and 7.7% 
hydrogen by mass. The M, of the organic compo und 
is 78. What is its mo lecu lar fo rmula? (A,.: H = l ; 
c ~ 12 ) 

% by mass 
Masses in 100g 

Number o f m oles 

C 
92.3 
92.3g 
92.3 

12 
~ 7.7 

Ratio of m oles l 
Empirical fo rmula CH 

H 
7.7 
7.7g 
7.7 

l 
~ 7.7 
1 

M, of th e empirical formula unit C H 
~ 12+ 1 
= 13 
Number o f empirical formula units present 

M, of compo und 

M, of empirical formula unit 

78 
13 

~ 6 
The molecular formula o f the o rganic compound is 
6 x CH = C6 H 6 . This is a substance called benzene. 

Questions 
Use the following values of A, to answer the questions 
below: H = 1; C = 12; 0 = 16; Ca = 40. 
1 Determine the empirical formula of an oxide of calcium 

formed when 0.4g of calcium reacts with 0.16g of oxygen. 
2 Determine the empirical formula of an organic 

hydrocarbon compound which contains 80% by mass of 
carbon and 20% by mass of hydrogen. If the M, of the 
compound is 30, what is its molecular formula? 

• Moles and chemical 
equations 

\.Yh cn we write a balanced chemical equatio n we arc 
indicating the numbers of m oles o f reactants and 
products involved in the chemical reacti o n. Consider 
the reactio n between magnesium and oxygen . 

mag nesium + oxygen 
2Mg(s) + 0 2(g) -

magnesium oxide 
2MgO(s) 

This shows that 2 m oles o f mag nesium react with 
1 m o le o f oxygen to give 2 m o les o f magnesium 
ox ide. 

Using the ideas o f m oles and masses we can use 
this in fo rmatio n to calculate the quantities o f the 
different chemicals involved. 

2Mg(s) + 
2 m oles 
2 X 24 
~48g 

O,(g) 
1 mole 

1 X ( 16 X 2) 
~ 32g 

2MgO(s) 
2 moles 

2 x (24+16) 
~SO g 

Yo u will no tice that the to tal mass o f reactants is 
equal to the to tal mass o f product. This is tru e for 
any chemical reactio n and it is known as the L,w 
of conservation of mass . This law was understood 
by th e Greeks but was first clearly formulated by 
Antoine Lavoisicr in 1774. Chemists can use this 
idea to calculate masses o f products formed and 
reactants used in chemical processes before they arc 
carried o ut. 

Example 1 - using a solid 
Lime (calcium oxide, C aO ) is used in the 
manufacture o f m o rtar. It is manufactured in large 
quantities in Europe (sec Fig ure 4.6) by heating 
limesto ne ( calcium carbo nate, CaC03 ) . 

Figure 4.6 A rotary kiln for burning (calcining) limestone into lime, 
located in Maha, Belgium. 



The equation for the process is: 

CaC03(s) 
1 mole 

(40+12+ (3 x l6)) 
~ 100g 

CaO(s) + 
1 mole 

40 + 16 
~ 56g 

C02(g) 
1 mole 

12 +(2 x l6) 
~44g 

Calculate the amount oflimc produced when 
10 tonnes oflimcstonc arc heated (Figure 4.7 ). 
(Ac ~ 12;0 ~ 16;Ca~40) 

1 tonne ( t ) = 1000kg 
!kg ~ 1000g 

From this relationship between grams and tonnes we 
can replace the masses in grams by masses in tonnes. 

CaC03(s) 
lOOt 
!Ot 

CaO(s) + C02(g) 
Hence 56t 44t 

5.6t 

10tonnesoflimestone 

heat 

~ -

?tonnes of lime 

Figure 4.7 How much lime is produced? 

4.4t 

Moles and chemical equations 

The equation now shows that 100 t oflimcstonc will 
produce 56 t oflimc. Therefore, 10 t of limestone 
will produce 5.6t oflimc. 

Examp le 2 - using a gas 
Many chemical processes involve gases. The volume 
of a gas is measured more easily than its mass. This 
example shows how chemists work out the volumes 
of gaseous reactants and products needed using 
Avogadro's Law and the idea of moles. 

Some rockets use hydrogen gas as a foci. When 
hydrogen burns in oxygen it forms water vapour. 
Calculate the volumes of a 0 2(g) used and b water, 
H20 (g), produced if960dm 3 of hydrogen gas, Hi(g), 
were burned in oxygen. ( A,: H = 1; 0 = 16) Assume 
1 mole of any gas occupies a volume of24dm3 . 

2H2(g) + o,(s) 2H2 0 (g) 
2moles 1 mole 2moles 
2 X 24 1 X 24 2 X 24 

=48dm3 = 24dm3 =48dm3 

Therefore: 

(x 2 ) 96dm3 48dm 3 96dm3 

(x 10) 960dm3 480dm3 960dm3 

\.Yhcn 960dm3 of hydrogen arc burned in oxygen: 

a 480 dm 3 of oxygen arc required and 
b 960dm3 ofH20 (g) arc produced. 

Exa mple 3 - using a solution 
Chemists usually carry out reactions using solutions. 
If they know the concentration of the solution(s) 
they arc using they can find out the quantities 
reacting. 

Calculate the volume of 1 mol dm-3 solution of 
H 2S04 required to react completely with 6g of 
magnesium. (Ar: Mg=24) 

number of moles of magnesium 

mass of magnesium 

mass of 1 mole of magnesium 
6 

24 
~ 0.25 

Mg(s) + H 2S04(,q) - MgS04(,q) + H2(g) 
1 mole 1 mole 1 mole 1 mole 

0.25 mol 0.25mol 0.25 mol 0.25 mol 
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So 0.25mol of H 2S04(aq ) is required. Using: 

volume ofH2S0iaq) (dm 3 ) 

moles ofH2S04 

concentration ofH2S04 (moldm-3) 

0.25 

= 0.25dm3 or 250cm3 

Example 4 - using a solution 
\.Yhat is the concentration of sodium hydroxide 
solution used in the following neutralisation 
reaction? 40cm 3 of0.2moldm-3 solution of 
hydrochloric acid just neutralised 20cm3 of sodium 
hydroxide solution. 

number of moles ofHCI used 
= concentration (moldm-3 ) x volume (dm3 ) 
= Q.2 X Q.Q4 
~ 0.008 

HCl(,q ) + N,OH(,q) - N,Cl(,q) + H20 (!) 
1 mole 1 mole 1 mole 1 mole 

0.008mol 0.008mol 0.008mol 0.008mol 

You will sec that 0.008 mole ofNaOH was present. 
The concentration of the NaOH(aq) is given by: 

concentration ofNaOH (moldm-3 ) 

number ofmoks ofNaOH 

volume ofNaOH (dm3 ) 

(volume ofNaOH in dm3 =~= 0.02 ) 
1000 

0.008 

0.02 
= 0.4moldm-3 

Percentage yield 
Chemical reactions rarely produce the predicted 
amount of product from the masses of reactants in 
the reaction; they arc not 100% efficient. 

An example of this is the reaction of carbon with 
oxygen to produce carbon dioxide gas. 

C(s) + 0 2(g) - C02(g) 

From the equation for the reaction you can sec that 
one mole of carbon reacts with oxygen to give one 
mole of carbon dioxide gas. 

If you burn 12 grams, 1 mole, of carbon to make 
C02 , then the amount of carbon dioxide expected 
is 44 grams, 1 mole of C02 . The theoretical yield 
of carbon dioxide from this reaction is 44 grams. 
This only occurs, however, if the reaction is 100% 
efficient. 

The mass of carbon dioxide you will get will be 
less than 44 grams because another reaction can also 
occur between carbon and oxygen. Some carbon 
reacts to make carbon monoxide, CO. 

2C(s) + 0 2(g) - 2CO(g) 

The percentage yield of the reaction is based on the 
amount of carbon dioxide that is actu ally produced 
against what should have been produced, if the 
reaction was 100% efficient. 

Ifl2 grams of carbon was burned in excess 
oxygen and only 28 grams of carbon dioxide was 
produced the percentage yield can be worked out as 
shown below. 

percentage yield of carbon dioxide=~ x 100 
44 

ln general: 

percentage yield 
actual yield 

theoretical yield 

Percentage purity 

~ 63.6% 

100 

You saw in Chapter 2 p. 24 that the purity ofa 
substance is very important. 

If a factory makes medicines or chemicals used in 
food then the purity of the product will be crucial. 
This is because the impurities may harm the people 
using the medicine or eating the food. 

percentage purity 
__ m_,_s_so_t_·r_he~p~u_cc_· p~c_o_d,_K_t __ x lOO% 
mass of the impure product obtained 

Sodium hydrogencarbonatc, NaHC03 , is used 
in the manufacture of some toothpastes and as a 
raising agent in food production. The purity of this 
substance can be obtained by measuring how much 
carbon dioxide is given off. 

84 grams of sodium hydrogcncarbonate was 
thermally decomposed and 11.5 dm3 of carbon 
dioxide gas was collected at room temperature and 
pressure (rtp ). 



The equation fo r the reaction is: 

2NaH C03(s) - Na2C0 3(s) + H20 (g) + C02(g) 
2 moles 1 mole 

Step 1: Calculate the RFM of sodium 
hyd rogcncarbonate (A r: Na = 2 3; C = 12; 
O~l 6; H~l ) 
RFM ofNaH C03 = 84 

Step 2: 2 moles ofNaH C0 3 produces 1 mole 
of C0 2 . 

168g ofNaH C03 would give 44 g of C02, 

which would have a volume of 
24 dm 3 at rtp. 
84g ofNaH C03 should give 12 dm 3 of C02 
at rtp . 
H ence th e mass ofNaHC03 in the 

11.5 
sample was 84 x U = 80.5 g 

Step 3: Calculate the percentage purity. 
There is 80.5 g of sodium 
hydrogcncarbonate in the 84 g sample. 

80 .5 
Percentage purity= S4 x 10 0% = 95.8% 

Check list 

Check list 

Quest ions 
Use the following A, values to answer the questions below: 
0 = 16; Mg = 24; S = 32; K = 39; Cu = 63.5. 
1 Calculate the mass of sulfur dioxide produced by burning 

16 g of sulfur in an excess of oxygen in the Contact 
process (seep. 199). 

2 Calculate the mass of sulfur which, when burned in 
excess oxygen, produces 640g of sulfur dioxide in the 
Contact process. 

3 Calculate the mass of copper required to produce 1 59 g 
of copper(u) oxide when heated in excess oxygen. 

4 In the rocket mentioned previously in which hydrogen is 
used as a fuel, calculate the volume of hydrogen used to 
produce 24dm3 of water (H20(g)). 

S Calculate the volume of 2 moldm-3 solution of sulfuric 
acid required to react with 24g of magnesium. 

6 What is the concentration of potassium hydroxide 
solution used in the following neutralisation reaction? 
20cm3 of 0.2moldm-3 solution of hydrochloric acid just 
neutralised 15 cm1 of potassium hydroxide solution . 

After studying Chapter 4 you should know and understand the following terms. 

• Avogadro's Law Equal volumes of all gases measured under the same conditions 
of temperature and pressure contain equal numbers of molecules. 

• Calculating moles of compounds 

mass of compound = number of x mass of 1 mole 
(in grams) moles of compound 

number of moles 
mass of compound 

mass of 1 mole of compound 

• Calculating moles of elements 

mass of element = number of x mass of 1 mole 
(in grams) moles of the element 

number of moles 
mass of the element 

mass of 1 mole of that element 

• Calculating moles of gases 

1 mole of any gas occupies 24dm3 (litres) at room temperature and pressure (rtp). 

volume of the gas (in dm3 at rtp) 
number of moles of gas 

24
dml 

• Calculating moles of solutions 

concentration of a solution (in moldm-J) numbv:l:::~~::3~olute 

number of = concentration x volume of solution 
moles (in moldm-3) (in dm3) 
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• Empirical formula A formula showing the simplest ratio 
of atoms present. 

• Mole The amount of substance which contains 6 x 
10'1 atoms, ions or molecules. This number is called 
Avogadro's constant. 
• Atoms - 1 mole of atoms has a mass equal to the relative 

atomic mass (A,) in grams. 
• Molecules - 1 mole of molecules has a mass equal to the 

relative molecular mass (M,) in grams. 
Molecular formula A formula showing the actual 
number of atoms of each element present in one molecule. 

/ 

Percentage yield 

percentage yield = actual yield x 1 00 
theoretical yield 

Relative formula mass (RFM) The sum of the relative 
atomic masses of all those elements shown in the formula 
of the substance. This is often referred to as the relative 
molecular mass (M,). 



Q Stoichiometry - chemical calculations 

• Additional questions 
Use the data in the table below to answer the 
questions which follow. 

Element A, 

12 

14 

16 

Na 23 

Mg 24 

28 

32 

Cl 35.5 

Fe 56 

1 Calculate the mass of: 
a l mole of: 

(i) chlorine molecules 
(ii) iron(m) oxide. 

b 0.5 mole of: 
(i) magnesium nitrate 
(ii) ammonia. 

2 Calculate the volume occupied, at rtp, by the 
following gases. (One mole of any gas occupies a 
volume of24dm3 at rtp. ) 
a 12.5 moles ofsulfur dioxide gas. 
b 0.15 mole of nitrogen gas. 

3 Calculate the number of moles of gas present in 
the following: 
a 36cm3 ofsulfur dioxide 
b 144dm3 of hydrogen sulfidc. 

4 Use the following experimental information to 
determine the empirical formula of an oxide of 
silicon. 
Mass of crucible 
1\lbss of crucible+ silicon 
Mass of crucible+ oxide of silicon 

18.20g 
18.48g 
18.80g 

5 a Calculate the empirical formula of an organic 
liquid containing 26.67% of carbon and 2.22% of 
hydrogen, with the rest being oxygen. 

b The M, of the liquid is 90. What is its molecular 
formula? 

6 Iron is extracted from its ore, haematite, in the 
blast fornace. The main extraction reaction is: 

Fe20 3(s) + 3CO(g) - 2Fe(s) + 3C02(g) 

a Name the reducing agent in this process. 
b Name the oxide of iron shown in the equation. 
c Explain why this is a redox reaction. 
d Calculate the mass of iron which will be 

produced from 640 tonnes of haematite. 

7 Consider the following information about the newly 
discovered clement, vulcium, whose symbol is Vu. 
'Vukiurn is a solid at room temperature. It is easily cut 
by a pcnknitC to reveal a shiny surface which tarnishes 
quite rapidly. It reacts violently with water, liberating a 
flammable gas and forms a solution with a pH ofl3. 
When \Jlllcium reacts witl1 chlorine, it forms a white 
crystalline solid containing 29.5% chlorine.' 
(A,c Vu~ 85 ) 
a Calculate the empirical formula of vulcium 

chloride. 
b To which group of the Periodic Table (p. 136) 

should vulcium be assigned? 
c Write a word and balanced chemical equation for 

the reaction between vulcium and chlorine. 
d What other information in the description 

supports the assignment of group you have given 
tovulcium? 

e What type of bonding is present in vulcium 
chloride? 

f Write a word and balanced chemical equation for 
the reaction between vulcium and water. 

g Write the formulae for: 
(i) vulcium sulfate 
(ii) vulcium carbonate 
(iii)vulcium hydroxide. 

Look at the Periodic Table (p. 294) to find out the 
real name ofvulcium. 

8 0.048g of magnesium was reacted with excess 
dilute hydrochloric acid at room temperature and 
pressure. The hydrogen gas given off was collected. 
a Write a word and balanced symbol equation for 

the reaction taking place. 
b Draw a diagram of an apparatus which could be 

used to carry out this experiment and collect tl1e 
hydrogen gas. 

c How many moles of magnesium were used? 
d Using the equation you have written in your answer 

to a, calculate the number of moles of hydrogen 
and hence the volume of this gas produced. 

e Calculate the volume of a solution containing 
0.1 moldm-3 hydrochloric acid which would 
be needed to react exactly with 0.048 g of 
magnesium. 



@ Electricity and chemistry 

Electrolysis of lead(11) bromide 

Electrolysis of aluminium oxide 
Anodising 

Electrolysis of aqueous solutions 
Electrolysisofdilutesulfuricacid 
The chlor-alkali industry 
Tests for aqueous cations 

Electrolysis of concentrated hydrochloric acid 

What do all the items in the photographs shown in 
Figure 5. 1 have in commoni They all involve electricity 
th rollgh a process kn own as electrolysis. Electro lysis 
is the breakdown of an ionic compound , molten or in 
solution , by the passage of electricity through it. The 
subst.mcc which is decomposed is called th e electrolyte 
(Figure 5.2 ). An electro lyte is a su bstance that conducts 
electricity when in the m o lten state or in solution. 

aThiswatchhasathin 
coating of gold over 
steel;thethincoatingis 
prodtx:ed by electrolysis. 

b This picture frame has been silver plated 
usinganelectroplatingprocessinvolving 
electrolysis. 

cAluminiumisproducedbyelectrolysis. 

Figure 5.1 

Electrolr.;is of copper{n) sulfate solution 
Purification of copper 

Electrolysis guidelines 

Electroplating 
Plating plastics 

Checklist 

Additional questions 

The electricity is carried through the electrolyte by 
ions . In the mo lten state and in solution the io ns arc 
free to move to the appropriate elect rodes due to 
weakened fo rces o f attraction between them. 

• Substances that do no t conduct electricity when 
in th e m o lten state o r in solution arc called non­
electro lytes. 

• Substances that condu ct electricity to a sm all 
extent in th e m o lten state o r in solution arc called 
weak electrolytes. 

The electric current enters and leaves th e electrolyte 
th rough electrodes, which arc usually made o f 
unrcactive metals such as platinum o r o f the no n­
m etal carbo n (g raphite). These arc said to be inert 
electrodes because they do no t react with the 
products o f electro lysis. The names g iven to the 
two electrodes arc ca thode, the negative elect rode 
whi ch attracts cations (positively charged ions), and 
anode, th e positive electrode which attracts anio n s 
(negatively charged ions). 

• heat if necessary 

Figure 5.2 The important terms used in electrolysis. 

inert ca rbon 
anode (+ ) 
(an electrode) 

,l,ct,o lyt, 
(e.g. lead 
bromide) 



The transfer o f charge during elect rolysis is by: 
• the m ovem ent o f elect rons in the metallic o r 

graphite electrodes 
• the rem oval or additio n of elect rons from the 

external circuit at the elect rodes 
• the m ovem ent o f io ns in the electro lyte. 

N ote that th e conductio n which takes place in the 
electrodes is du e to the movem en t o f ddocali sed 
el ect rons (pp . 51 and 55 ) whereas in th e electro lyte, 
as stated earli er, the charge carriers arc ions. 

Elect rolysis is very important in industry. To help 
you to und erstand what is happening in the process 
shown in the pho tographs, we will first consid er the 
elect rolysis o flead (11 ) b romide. 

• Electrolysis of lead(11) 
bromide 

Consider Figure 5 .3, whi ch shows solid lcad (n ) 
b romide (PbBr2 ) in a crucible with two carbon 
electrodes in contact with it. When th e electrodes 
arc fir st connected , the bul b docs no t light, because 
the solid compo und docs no t allow electricity to pass 
th roug h it. H owever, when the compo und is heated 
until it is m o lten , the bulb docs lig ht. The lcad (11 ) 
bromide is now behavin g as an elect rolyte. When this 
happens an o range-red vapour is seen at the anode 
and lead metal is produ ced at the catho de. 

The break-up (decompositio n ) o f lead (n ) b romide 
into its constitu ent elem en ts by th e passage o f an 
electric current is called electro lysis . 

m o lten lcad (n ) bromide --,. bromine + lead 
PbB,2(1) - B,2 (s) + Pb(!) 

For lead m etal to be formed , or deposited , at the 
cathode, the lead io ns must be attracted to and m ove 
towards the electrode (Fig ure 5.4). To produce lead 
metal ato ms these lead io ns must each collect two 
elect rons at the cath ode: 

lead io n + elect rons --,. lead ato m 
Pb2+(1) + 2c- Pb(!) 

As you saw in Chapter 3 (p. 39), this process o f 
gaining elect rons is called reduction. 

To form bromine m olecules each bromide ion must 
first o f all move to the anode and lose its extra negative 
charge at the a.node and so form a neutral bromine atom : 

cathode( - ) 

Electrolysis of lead(11) bromide 

' 
heat 
strongly 

anode (+) 

graphite 
elect rodes 

Figure 5.4 The lead ions (Pb1+) are attracted to the cathode and the 
bromide ions (Br-) are attracted to the anode. 

b romid e ion --,. b romine ato m + elect ron 
B, 

Two b romine ato ms then combine to fo rm a 
bromine m o lecule : 

bromine ato ms --,. b romine m o lecule 
2B, B,, (g) 

As you saw in C hapter 3 (p. 39), thi s process o f 
losing elect rons is called oxidation. 
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Question 
1 Predict the products of the electrolysis of: 

a potassiumchloride 
b lead oxide. 

• Electrolysis of 
aluminium oxide 

Aluminium is the m ost abundant metallic clement in 
the Earth 's crust . It was discovered in 1825 by H ans 
C hristian O ersted in Copenhagen , Denmark, but was 
first isolated by Friedrich W6hk r in 1827. It makes up 
8% of the crust and is found in the minerals bauxite 
(Figure 5 .5 ), cryolitc and mica, as well as in clay. 

In the nineteenth ccnh1ry N apoleon III own ed a 
very precio us dinner service. It was said to be mad e 
o f a m etal m o re precio us than gold. That m etal was 
aluminium. The reason it was precio us was that it 
was very rarely found as the pure metal. Aluminium 
is a reactive metal and as such was very difficu lt to 
extract from its ore. Reactive metals hold on ti ghtly 
to the dcment(s) they have com bined with and 
many arc extracted from their o res by electrolysis. 

Figu re S.5 Bauxitemining . 

• 

Today we use aluminium in very large quantities. The 
annual production in the world is 19.5 million tonnes. 
11,c commercial extraction of aluminimn has been 
made possible by two scientists, working independently 
of each otl1er, who d iscovered a metl1od using 
electrolysis. 11,c two scientists were Charles Martin 
Hall (USA), who d iscovered the process in 1886, and 
tl1e French chemist Paul HCroult, who discovered tl1e 
process independently in the same yt--ar. T11e process 
they dL·vdoped, o ften called the Ha.11- HCroult process, 
involves tl1c electrolysis o f aluminium oxide (alumina). 
11,e process involves the following stages. 

• Bauxite, an impure fo rm of aluminium ox ide, 
is first treated with sodium hydroxide to obtain 
pure aluminium oxide, rem oving im purities such 
as iron(m ) oxide and sand . This improves the 
conductivity of the molten aluminium oxide. 

• The purified aluminium oxide is then d issolved 
in molten cryolite (Na3AIF6 ) . Cryolite, a mineral 
found naturally in Greenlan d , is used to reduce 
tl1e working temperature of the H all- H Croult 
cell from 20 17 °C (the mel ting point of pure 
aluminium ox ide) to between 800 and 1000 °C. 
Therefore, the cryolite provides a considerable 



crust of solid electrolyte 

molten aluminium 
collecting on 
floor of cell 

graphite anodes 

tank lined 
with graphite 
cathode 

molten electrolyte 

Figure 5.6 The Hall--Heroult cell is used in industry to extract aluminium 
by electrolysis. 

saving in the energy requirements of the process . 
In recent years it has become necessary to 
manufucturc the cryolitc . 

• The molten mixture is then electrolysed in a cell 
similar to that shown in Figure 5.6. 

The anodes of this process arc blocks of graphite 
which arc lowered into the m olten mixture from 
above. The cathode is th e g raphite lining of the steel 
vessel containing the cell. 

Aluminium oxide is an ionic compound. When 
it is melted the ions become mobile, as the strong 
electrostatic forces o f attraction between them 
arc broken by the input of heat energy. During 
electrolysis the negatively charged oxide ions arc 
attracted to the anode ( the positive electrode), where 
they lose electrons (ox idation). 

oxide ions ---> oxygen molecules + electrons 
202-(1) - 0 2 (g) + 4e-

The positive aluminium io ns arc attracted to the 
cathode (the negative electrode). They gain electrons 
to form molten aluminium metal (redu cti on). 

aluminium ions + electrons ---> aluminium metal 
Al"(!) + 3c- Al(!) 

A handy way of remembering it is OIL RIG 
(Oxidation I s L oss, Redu cti on I s Gain of electrons) . 

The overall reaction which takes place in the cell is: 

aluminium oxide dmrolysi, aluminium + oxygen 
2Al20 3(1) 4Al(l) 302(g) 

Electrolysis of aluminium oxide 

The molten aluminium collects at the bottom of the 
cell and it is siphoned out at regular intervals. No 
problems arise with o ther metals being deposited , 
since the cryolitc is largely 'unaffected ' by th e flow 
of electricity. Problems do arise, however, with the 
graphite an odes. At the working tcmpcrahtrc of the 
cell , the oxygen liberated reacts with the graphite 
anodes, producing carbon dioxide . 

carbon + oxygen ---> carbon di oxide 
C(s) + 0 2 (g) - C0 2 (g) 

The anodes burn away and have to be replaced on a 
regular basis. 

The electrolysis o f aluminium oxide is a continuous 
process in which vast am ounts of electricity arc used. 
Approximately 15 kWh of electricity arc used to 
prod uce 1 kg of aluminium. In order to make the 
process an economic one, a cheap fo rm of electricity 
is required. H ydroelectric power (HEP) is usually 
used for thi s process . The plant shown in Figure 5.7 
uses an HEP scheme to provide some of the electrical 
energy required for this process. Further details about 
HEP arc g iven in Chapter 6, p. 94. 

Figure 5.7 An aluminium smelting plant. 
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Usin g cheap electrical energy has allowed aluminium 
to be produced in such large qu antities that it is 
the second most widely used metal after iron . It is 
used in th e manufacture o f electrical ca bles beca use 
o f its low density, chemical inertness and good 
d cctrical conductivity. Owing to the fir st two o f 
these properties, it is also used for m aking cars, 
bikes , cooking fo il and food containers as well as 
in alloys (Chapter 10, p. 167) such as duralumin , 
which is used in the manufacture o f aeroplane bodies 
(Fig ure 5 .8 ). Worldwide p roductio n o f aluminium 
now exceeds 40 millio n to nn es each year. 

Figure 5.8 Aluminium is used in the manufacture of aeroplane bodies. 

Enviro nm ental problems associated with th e locatio n 
o f aluminium plants arc concerned with : 

• the effCcts o f th e extracted impurities, which fo rm 
a red mud (Fig ure 5.9) 

• the fin e cryolite dust , which is emitted through 
very tall chimneys so as no t to affect the 
surro unding area 

• the claimed link between e nvironm ental 
aluminium and a degenerative b rain disorder 
called Alzheimer's disease - it is tho ught that 
aluminium is a m ajor influence o n th e early o nset 
of thi s disease. H owever, th e evidence is still 
inconcl usive. 

Quest ions 
1 Produce a flow chart to summarise the processes involved 

in the extraction of aluminium metal from bauxite. 
2 Explain why the mixture of gases formed at the anode 

contains oxygen, carbon dioxide and traces of fluorine. 

Anod ising 
This is a process in which the surface coating o f 
oxide o n aluminium (Al20 3) is mad e thicker. In this 
process the aluminium o bject is mad e the ano de in 
a cell in which the elect rolyte is dilute sulfuric acid . 
During the elect rolysis process, oxygen is produced 
at the ano de and combines with th e aluminium. 
The oxide layer o n the sur face o f the aluminium 
therefore increases . D yes can be mixed with the 
elect rolyt e and so the new thicker coating o f oxide is 
colo urful and also decorative (Fig ure 5.10). 



Figure 5.1 0 The oxide layer on the surface of these aluminium cups 
has been thickened, and dyes added to obtain the vibrant colours. 

Question 
1 A student carries out the electrolysis of molten lead(11) 

iodide in a fume cupboard. 
a Draw a diagram to show a suitable apparatus the 

student could use to carry out this experiment. 
b Write anode and cathode reactions to represent the 

processes taking place during the electrolysis. 
c Why does this experiment need to be carried out in a 

fume cupboard? 
d Find uses for the anode product of this cell. 

• Electrolysis of aqueous 
solutions 

Other industrial processes involve the elect rolysis o f 
aqueous solut io ns. To help you to understand what 
is happening in these processes, we will fir st consider 
the elect rolysis o f dilute sulfuric acid. 

Electrolysis of aqueous solutions 

Elect ro lys is of dilute sulfuric ac id 
Pure water is a very poor conducto r o f electricity 
becau se there are so few io ns in it. H owever, it 
can be made to decom pose if an electric current is 
passed throug h it in a H ofmann voltam eter, as in 
Figure 5.11. 

anode (+) 

water (withalittledilute 
sulfuricacid added to increase 
its conductivity) 

platinum 
electrodes (inert) 

Figure 5.11 A Hofmann voltameter used to electrolyse water. 
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To enable water to conduct electricity better, som e 
dilute sulfuric acid ( or sodium hydroxide solution ) is 
add ed. When the power is turned o n and an electric 
cu rrent flows through this solutio n, gases can be 
seen to be produced at the two elect rodes and th ey 
arc collected in th e sid e arms o f the apparatu s. After 
about 20 minutes, roug hly twice as mu ch gas is 
p rod uced at the catho de as at the anode . 

The gas collected at the cathode burns with a 
sq ueaky pop, showin g it to be hydrogen gas 
(T,blc 16.6, p. 263 ). 

For hyd rogen to be collected in this way, the 
positively charged hyd rogen ions must have m oved 
to the catho d e. 

hydrogen io ns + electrons -----+ hydrogen mo lecules 
4W(,q) + 4c· 2H2(g) 

If during this p rocess the water m o lecules lose 
H +(aq ), th en th e rem aining portio n must be 
hyd roxide io ns, OH-(aq ). These io ns arc attracted 
to the ano de. 

The gas coll ected at the anode reli ghts a g lowing 
splint, showin g it to be oxygen (Table 16 .6, 
p. 263 ). 

This gas is produced in the fo llowing way. 

hyd roxide water + oxygen + elect rons 
io ns m olecules molecu les 

40 H·(,q ) - 2H20 (!) + 0 2(g) 4c· 

This experiment was fi rs t carried o ut by Sir 
Hum phry Davy. It co nfirmed that the formula fo r 
water was H 20. 

It sho uld be noted that in the elect rolysis of d ilute 
sul fo ric acid , platinum (an inert elect rode) may be 
replaced by carbon (g raphite ). The o nly difference to 
occur is that as well as oxygen being produced at the 
ano de, a little carbon dioxide will also be formed. 

The chlor-alkali industry 
The electrolysis of saturated sodium chlorid e 
solutio n (b rine ) is tl1c basis o f a m ajor indust ry. ln 
countries where rock salt (sodium chloride ) is found 
und erground it is mined. In other countries it can be 
obtained by evaporatio n of sea water in large shallow 
lakes. Three very important su bstances arc produced 

in tl1is elect rolysis process - chlorine, sodium 
hydroxide and hydroge n. The electro lytic process 
is a very expensive o ne, req uiring vast am o unts of 
electricity. The process is economical o nly because 
all tl1rcc products have a large num ber of uses 
(Fig ure 5.1 2). 

There arc two well- established m ctl10ds fo r 
elect rolysing brine, the diaphragm cell and the 
mercury cell . H owever, recent developm ents in 
elect rolysis techno logy, by chemi cal eng ineers, have 
produced th e membrane cell (Figure 5.13). This 
m ctl10d is now preferred to the o ther two because 
it produces a purer prod uct , it causes less po llutio n 
and it is chea per to run. 

The brine is first purified to rem ove calcium, 
st rontium and magnesium compo unds by a process 
o f io n exchange (sec Chapter 11 , p. 189). 

The m embrane cell is used continu o usly, with 
fresh brine fl owing into th e cell as tl1e process 
breaks up the brine. The cell has been desig ned to 
ensure that the products do not mix. The io ns in 
this concentrated sodium chloride solutio n arc: 

fro m th e water: H+(aq ) 
fro m the sodium chlo ride: N a+(aq) 

\¥h en tl1e current flows, the chlo ride io ns, Cl-( aq), 
arc attracted to the anode. Chlorine gas is produ ced 
by tl1c electrode process. 

chlo ride io ns~ chlorine m o lecu les + elect rons 
2CJ·(,q) ~ Cl2(g) 2c· 

This leaves a hig h concentratio n o f sodium io ns, 
Na+(aq ), around the anode. 

1l1c hyd rogen io ns, H+(aq), arc attracted to the 
cathode and hyd rogen gas is p rodu ced. 

hyd rogen io ns + elect rons~ hydrogen molecules 
2W (,q) + 2c· H,(g) 

This leaves a hig h co ncentratio n o f hyd roxide 
io ns, OH-(aq ), around the cath o de. The sodium 
io ns, N a+(aq ), arc drawn tl1ro ugh the m embrane, 
where th ey combine witl1 th e O H-(aq ) to fo rm 
sodium hyd rox ide, N a OH, solutio n . The annu al 
produ ctio n worldwide is now in excess of 
60 millio n to nnes. 
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Figure5.12The chlor-alkaliindustry. 
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a A 5ection through the membrane cell. 

Figure5.13 
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(it contains 
H20, Na+, OW) 

titanium membrane steel 
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b A diagrammatic representation of the reactions going on inside the cel l. 
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Tests for aqueous cations 
Aqueous sodium hydroxide can be used to identi fy 
salts o f AI3+, Ca2+, Cr-3+, C u2+, Fc2+, Fc3\ md Zn 2+. 

The colo ur o f the precipitate and its behavio ur in 
excess sodium hydroxide solution will hdp identify 
the metal present. In the case o f amm o nium salts, 
ammo nia gas is produced o n warming . 

Table S.1 

Cation solution Effect of aqueous sodium hydroxide 

Aluminium (Al*) White precipitate, soluble in excess giving a 
colourless solution 

Ammonium (NH/) Ammonia produced on warming 

Calcium (Ca2/ White precipitate, insoluble in excess 

Chromium (Cr3"') Green precipitate, soluble in excess 

Copper (Cui+) Light blue precipitate, insoluble in excess 

lron{1) (Fe2"') Green precipitate, insoluble in excess 

Iron(• } (Fe'+) Red-brown precipitate, insoluble in excess 

Zinc(Znl+) Whiteprecipitate,solubleinexcess,givinga 
colourless solution 

lfthc nitrate ion is presen t in solution, then upon 
addition of aqueous sodium hydroxide and a little 
aluminium foil, ammonia gas is produ ced on warming. 

• Electrolysis of 
concentrated 
hydrochloric acid 

When concentrated hydrochloric acid is electrolysed , 
two gases arc produ ced . Bo th chlo rid e ions and 
hydroxide ions wo uld be attracted to th e anode. The 
chlo rid e ions arc at a mu ch hi gher concentrati on tlun 
the hyd roxide ions and go on to prod uce chlo rin e gas 
by losing electrons (ox idation). 

2CJ-(,q) - Cl2(g) + 2c-

Thc chlorine gas can be tested by placing a piece of 
damp blue litmus paper near the anode . The paper will 
fi rst h1rn red and tl1cn it will be bleached (h1rncd white ). 

The only positively charged ion is tl1c hyd rogen ion. 
These arc attracted to the catl1odc where tl1cy produ ce 
hydrogen gas by the gain of electrons (reduction). 

2H'(,q) + 2c- - H2(g) 

H ydrogen gas, if collected from tl1c cathode, will g ive 
a 'squeaky pop' when mixed with air and ignited . 

Questions 
1 Suggest a reason for only 'roughly' twice as much hydrogen 

gas being produced at the cathode as oxygen gas at the 
anode in the electrolysis of water. 

2 Account for the following observations which were made 
when concentrated sodium chloride solution, to which a 
little universal indicator had been added, was electrolysed 
in the laboratory in a Hofmann voltameter. 
a The universal indicator initially turns reel in the region of the 

anode, but as the electrolysis proceeds it loses its colour. 
b The universal indicator turns blue in the region of the 

cathode. 
3 Why is it important to remove compounds of calcium, 

strontium and magnesium before brine is electrolysed? 
4 The uses of sodium hydroxide can be separated on a 

percentage basis as follows: 
Neutralisation 5% 
Paper manufacture 5% 
Oil refining 5% 
Soap/detergents 5% 
Manufacture of rayon and acetate fibres 16% 
Manufacture of chemicals 30% 
Miscellaneous uses 34% 
Use a graph-plotting program to create a 'pie' 
chart of these data. 

• Electrolysis of copper(11) 
sulfate solution 

Copper (u ) sulfatc solutio n (C uS0 4 (aq)) may be 
electrolysed using inert graphite electrodes in a 
cell similar to that shown in Figure 5.14. Wh en 
the solution is electrolysed , oxygen gas and 
copper metal arc fo rmed at tl1c anode and catlm dc 
respectively. Four ions are present in solution: 

from th e water: 
from the coppcr(11 ) sulfate: 

oxygen 

H'(,q) 
Cu2+(aq ) 

OH-(,q) 
so ,2-(,q) 

copper(II) 
sulfate 
solution 

copper forms 
on surface of 
carbon electrode 
bung 

Figure 5.14 The electrolysis of copper(,) sulfate solution using inert 
electrodes. 



H+(aq) and C u2+(aq) ions arc both attracted to the 
cathode, the Cu 2+ ions accepting d ectrons more 
readily than the H + ions (preferential discharge) . 
Copper metal is therefore deposited at the cathode 
(Figure 5 .14). 

copper ions + d ectrons -+ copper atoms 
C u2+( aq) + 2c- C u(s) 

OH-(aq) and SO/ -(aq) ions arc both attracted to 
the anode . The OH- ions rdcase electrons more 
easily than the SO/ - ions, so oxygen gas and water 
are produced at the anode (Figure 5 .15). 

hydroxide ions -+ oxygen + water + d ectrons 
4QH-(,q) - 0 2(g) + 2H20(!) + 4c-

anode cathode 

Electrons 
collected 
byCu2+ 

ions. 
Copper 
coats the 
electrode 

Figure 5.15 Oxygen is given off at the anode and copper is deposited at 
the cathode. 

Purification of copper 
Because copper is a very good condu ctor of 
d ectricity, it is used fo r electrical wiring and cables 
(Figure 5 .1 6). Pure copper is also used in the 
manufacture of cookin g utensils owing to its high 
thermal conductivity, a property of its metallic 
structure (Chapter 3, p. 55 ). 

H owever, e,,e n small amounts o f impurities cut 
down this conductivity quite noticeably whether 
in fine wires o r larger cables . The metal must be 
99.99% pure to be used in this way. To ensure this 
level of purity, th e newly extracted copper has to be 
purified by electro lysis. 

Electrolysis of copper(11) sulfate solution 

Figure 5.16b Due to the high density of copper and its cost, steel-cored 
aluminiumcablesareusedforelectricaltransmissionthroughnational 
grids. 

The impure copper is used as the anod e and is 
typically l m square, 35-50mm thick and 330kg 
in weight. The cathode is a l mm thick sheet and 
weighs about 5 kg; it is mad e from very pure copper. 
Because copper is itsdf invo lved in the electrolytic 
process, the copper cathode is known as an 'active' 
electrode. The electrolyte is a solution of coppcr(n) 
sulfatc (0.3moldm-3 ) acidified with a 2moldm-3 

so lution of sulfuric acid to help the solution conduct 
electricity (Figure 5 .17) . 
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cathode(-) anode (+) 

acidifiedcopper(II) 
sulfatesolution (electrolyte) 

Figure 5.17 Copper purification process. 

\V:hen the current flows, the copper moves from the 
impure anode to the pure cathode. Any impurities 
fall to tlu: bottom of the cell and collect below the 
anode in the form of a slime. This slime is rich in 
precious metals and the recovery of these metals 
is an important aspect of the economics of the 
process. The electrolysis proceeds for about three 
weeks until the anodes arc reduced to about 10% of 
their original size and the cathodes weigh between 
100 and 120kg . A potential of0.25Vand a curn:nt 
density of 200 A m-2 are usually used. 

The ions present in the solution arc: 

from the water: 
from the coppcr(11 ) sulfate: 

W (,q) 
Cu2+(aq ) 

OH-(,q) 
so/-(,q) 

During the process the impure anode loses mass 
because the copper atoms lose electrons and become 
copper ions, Cu2+(aq ) (Figure 5.18). 

copper atoms ----> copper ions + electrons 
Cu(s) -----+ Cu2+(aq) + 2c-

(-) 

cathode(- ) 

(+) 

impurities,suchasthepreciousmetals 
gold and silver, appear in the anode slime 

impure copper 
electrode 

electrolyte of 
acidifiedcopper(II) 
sulfatesolution 

Figure 5.18 The movement of ions in the purification of copper by 
electrotjsis. 

The electrons released at the anode travel around 
the external circuit to the cathode. There the 
electrons arc passed on to the copper ions, Cu2+(aq), 
from the coppcr(n ) sulfatc solution and the copper 
is deposited or copper plated on to the cathode. 

copper ions + electrons ----> copper atoms 
Cu2+( aq ) + 2c- Cu(s) 



The annual productio n o f copper worldwide is 
in excess ofl6 millio n to nnes . H owever, a large 
amo unt of th e copper we need is o btained by 
recycling. This way o f o btaining copper is increasing 
in importance as it beco m es m o re difficult and 
expensive to locate and extract th e copper o re. 

• Electrolysis guidelines 
The fo llowin g po ints may help you work o ut the 
products of electrolysis in unfamiliar situations. They will 
also help you remember what happens at each electrode. 

• N o n-m etals arc p roduced at the ano de whereas 
metals and hydrogen gas arc produced at the cathode. 

• At the inert ano de , chlorine, bromine and iodine 
(the halo gens) arc prod uced in preference to o xygen. 

• At the inert cathode, hyd rogen is produced in 
preference to m etals unless unreactivc metals such 
as copper and ni ckel arc present. 

Questions 
1 Why do you think it is advantageous to use inert electrodes 

in the electrolysis processes? 
2 Predict the products of electrolysis of a solution of copper(n) 

sulfate if carbon electrodes are used instead of those made 
from copper as referred to in the purification of copper 
section. 

3 Predict the products of the electrolysis of concentrated 
hydrochloric acid using platinum electrodes. 

4 Using your knowledge of electrolysis, predict the likely 
products of the electrolysis of copper(u) chloride solution, 
using platinum electrodes. Write electrode equations for 
the formation of these products. 

5 Suggest reasons why: 
a copper and aluminium are used in electrical cables 
b plastics and ceramics are used to manufacture handles 

for metallic cooking utensils. 

• Electroplating 
Elect roplating is the process involving electro lysis 
to plate, o r coat, o ne metal with an o ther o r a plastic 
with a m etal. Often th e purpose o f electroplating is 
to give a protective coating to th e m etal beneath. For 
example , bath taps arc ch romium plated to prevent 
corrosio n , and at th e sam e time arc g iven a shiny, 
more attractive finish (Fig ure 5.19). 

Electroplating 

Figure 5.1 9 This tap has been chromium plated. 

The elect roplating process is carried o ut in a cell 
such as the o ne shown in Figure 5 .20a (p . 84 ). This 
is o ften known as the ' plating bath ' and it contains a 
suitable elect rolyte, usually a solution o f a m etal salt. 

Fo r silver plating the elect rolyte is a solution o f 
a silver salt. The articl e: to be: plated is made: th e 
cathode in the cell so that the metal io ns move to 
it when the current is switched on. 1l1e catho de 
reaction in thi s process is: 

silver io ns + electro ns ----,. silver ato ms 
Ag+(,q ) + c- Ag(,) 
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anode (+) 

anode made 
from the metal 
being used 
for plating, 
e.g. silver 

cathode( - ) 

object to be plated, 
e.g. spoon 

electrolyte 
containing the 
metal being used 
for plating, 
e .g . silver 

a Silver plating a spoon. 

e- --- Ag+ 

e- --- Ag+ 

e- ---+ Ag+ 

The Ag+ ions are attracted to the 
cathode,wheretheygain electrons 

A coating of silver forms 
onthespoonatthecathode 

bExplainingsilverplating. 

FigureS .20 

Plating plasti cs 
Nowadays it is not only metals that arc 
electroplated. Plastics have been developed that 
arc abk to conduct electricity. For example, the 
plastic poly(pyrrok) can be dcctroplatcd in the 
same way as the metals we have discussed earlier 
(Figure 5.2 1). 

Fig ure 5.21 This plastic has been coated with copper by electrolysis. 

Figure 5.22 This leaf has been electroplated. 



Questions 
1 The leaf in Figure 5.22 has been copper plated. Suggest a 

suitable method for copper plating the leaf. 
2 Explain why copper(u) chloride solution would not be 

used as an electrolyte in the electrolyte cell used for 
copper plating. 

3 Write equations which represent the discharge at the 
cathode of the following ions: 
a K' 
b Pb1+ 

C All+ 

and at the anode of: 
d Br 
e 0 2-
f ,-

Check list 

Check list 
After studying Chapter 5 you should know and understand the 
following terms. 

• Anions Negative ions; these are attracted to the anode. 
• Anode The positive electrode. It is positively charged 

because electrons are drawn away from it. 
• Cathode The negative electrode. It is negatively charged 

because an excess of electrons move towards it. 
• Cations Positive ions; these are attracted to the cathode. 
• Electrode A point where the electric current enters and 

leaves the electrolytic cell. An inert electrode is usually 
made of platinum or carbon and does not react with the 
electrolyte or the substances produced at the electrodes 
themselves. 

• Electrolysis A process in which a chemical reaction is 
caused by the passage of an electric current. 

• Electrolyte A substance which will carry electric current 
only when it is molten or dissolved. 

• Electroplating The process of depositing metals from 
solution in the form of a layer on other surfaces such as 
metal or plastic. 

• Hall-HE!roult cell The electrolysis cell in which aluminium 
is extracted from purified bauxite dissolved in molten 
cryolite at 900 °c. This cell has both a graphite anode and a 
graphite cathode. 

• Inert electrode These are electrodes that do not react 
with the products of electrolysis, e.g. carbon, platinum. 

• Membrane cell An electrolytic cell used for the 
production of sodium hydroxide, hydrogen and chlorine 
from brine in which the anode and cathode are separated 
by a membrane. 

• Oxidation Takes place at the anode and involves a 
negative ion losing electrons. 

• Reduction Takes place at the cathode and involves a 
positive ion gaining electrons. 



Q Electricity and chemistry 

• Additional questions 

dilutesulfuric acid 

This is a diag ram o f an experiment in whi ch 
electricity was passed through a mi xture o f distilled 
water containing a little dilute sulfuric acid. 
:i Name the gas that coll ects a t A . 
b N am e the gas that co ll ects a t B. 
c If 100 cm 3 o f gas collects in A how much would 

there be in B? 
d N am c the m etal usually used fo r X and Y. 
e X is called the 
f Y is called the 
g Write down the fo rmulae o f the three io ns 

present in the solutio n . 
h Write d own the equati ons fo r the reactio ns 

that take place at both X and Y ( o r describe the 
changes that take place if you canno t write the 
equations). 

2 The apparatus shown in the diagram below was 
used to investigate the gases produ ced when a 
concentrated solutio n o f potassium chlo ride was 
elect rolysed. 

A 

concentrated so lution 
of pot assium chloride 

a N am e a no n-m etal suitable fo r use as elect rodes. 
b N am e the gas collected in A and the gas 

coll ected in B. 
c D escri be how you would test the gases collected. 
d The volume o f gas collected in B was slightly 

lt:ss than that coll ected in A . The teacher said 
the volumes sho uld have been equal but gave 

a simple explanation o f th e 'missing' gas in B. 
What was th e explanatio n? (Assume th at the 
apparatus was working perfectly). 

e Write down the equati o ns which describe tlu: 
production o f th e gases at the electrodes in A 
and B. 

f (i ) If the concentrated solutio n o f po tassium 
chlo rid e was now replaced by dilute sodium 
hyd rox ide what gases would be produced at 
A and B1 

(ii ) In what ratio would you expect tl1esc gases to 
be produced? 

3 Explain tl1c m eanin g o f each o ftl1c fo llowing 
terms. Use a suitable exampl e, in each case, to help 
with your explanatio n. 
:i Ano de. e Anion . 
b Cathode. f Catio n. 
c Electro lysis. 
d Electro lyte. 

g O xidatio n. 
h Reductio n . 

4 Copper is purified by elect rolysis, as in the example 
shown below. 

a Name tl1c materials used for tl1c d cctrock s A and B. 
b N am e the elect rolyte C and substance D . 
c Why is substan ce D of econo mic impo rtance in 

respect o f this process? 
d Write equatio ns for the reactio ns which take place 

at the catl1odc and ano de during this process. 
e Draw a labelled diagram to show the cell after 

elect rolysis has taken place. 
f Why has elect rolyte C to be acidified with the 

dilute sulfuric acid ? 
g Why docs copper have to be 99 .99% pure fo r use 

in electrical cables? 



5 Copy and complete the table below, which shows 
the resul ts o f the electrolysis o f four substances 
using inert electrodes. 

Electrolyte Product at anode Product at cathode 
(positive electrode) {negative electrode) 

Molten aluminium Aluminium 
oxide 

Concentratedsodium Chlorine 
chloride solution 

Molten lithium 
chloride 

Silver nitrate solution Silver 

:i State what you understand by ' inert electrodes' . 
b Explain why th e lithium chloride solution 

becomes progressively more alkaline during 
electrolysis. 

c Explain why solid lithium chloride is a non­
conducto r o f electri city, whereas molten lithium 
chlo ride and lithium chlo ride solution arc good 
co ndu cto rs o f electricity. 

d During the electrolysis o f molten aluminium 
chlo ride (AIC13 ) the carbon anodes arc burned 
away. Explain why this should happen and write 
balanced chemical eq uations fo r the reactions 
th at take place. 

6 A pupil carried out an experiment in a fi.unc 
cupboard to find out how electricity a.ftCctcd 
d ifferent substances. Some of the substances 
were in aqueous solution , o thers were in the 
molten state. Carbon electrodes were used in each 
experiment and she wrote down her results in a 
ta.bk with these headings. 

Substance What was form ed 
at the cathode (- ) 

What was form ed 
at the anode (+) 

Make a table like the one shown and fill it in 
with what you think happened for each of th e 
substances below. 
:i Molten lead iodide. 
b Sugar solution. 
c Silver nitrate solution . 
d Coppcr(n) sulfa tc solution. 
e Molten sodium bromide. 
f Ethanol solution. 

Additional questions 

7 Sodium hyd roxide is made by the electrolysis of 
brine. 
a Draw and label a sim plified diagram of the cell 

used in this process. Make certain that you have 
labelled on the diagram: 
(i ) the electrolyte 
(ii) the material o f the electrodes 
( iii ) thc material o f the membrane. 

b Write equ ations fo r the reactions w hich take 
place at the cathode and anode. State clearly 
whether a reaction is oxidation o r redu ctio n. 

c Give two large-scale uses of the produ cts o f this 
electrolytic process. 

d Comment on the fo llowing statement: 'This 
electro lytic process is a very expensive one' . 

e Both the membrane cell and the o lder mercury 
cell make sodium hyd roxide of high purity. 
Explain why the mem brane cell is now the 
preferred way of making sodium hydroxide. 

8 El ectroplating is an important industrial process . 
a Explain what electroplating is. 
b Why arc certain meta.ls electroplated ? 
c Give two examples of the use of electroplating. 



@ Chemical energetics 

Substances from oil 
Oil refining 

Fossil fuels 

What is a fuel? 
How are fossil fuels used? 

Alternative sources of energy 
Nuclear power 
Hydroelectric power 
Biomass and biogas 
Hydrogen - the fuel of the future 

• Substances from oil 
What do the modes of transport shown in Figure 6 .1 
h;wc in common? They all use liquids o btained from 
crude oil as fuels. 

,~~ 
r " l ~--·"-• 

Figure 6.1 These modes of transport all use fuels that have been 
extracted from crude oil. 

Chemical energy 
Combustion 
Enthalpy of neutralisat ion (molar heat of neut ralisation) 

Changes of state 

Cells and batteries 
Fuel cells 

Checklist 

Additional questions 



Oil refining 
Crude oil is a complex mixture of compounds known 
as hydrocarbons (Figure 6.2 ). H ydrocarbons arc 
molecules which contain only the elements carbon 
and hydrogen bonded together covalently (C hapter 3, 
p. 46 ). These carbon compounds form the basis of a 
group called organic compounds. All living things 
arc made from organic compounds based on chains of 
carbon atoms similar to tho~ fmmd in cmdc oil. Crude 
oil is no t only a major source offod but is also a raw 
material o f eno rmous importance. It supplies a large and 
diverse chemical industry to make dozens of products. 

Figure6 .2 Crude oil is a mixture of hydrocarbons. 

Figure6 .3 An oil refinery. 

Substances from oil 

C rud e o il is no t very useful to us until it has been 
processed. The process, known as refining, is carried 
out at an oil refinery (Figure 6.3 ). 

Refinin g involves separating crud e oil into \'arious 
batches or fractions. C hemists use a technique called 
fractional distillation to separate the different 
fractions. This process works in a similar way to that 
discussed in Chapter 2 , p. 21, for separating ethanol 
(alcohol) and water. The diftCrcnt components 
(fractio ns) separate because th ey have different 
bo iling po ints. The crude o il is heated to about 
400 °C to vaporise all the different parts o f the 
mixture. The mixture of vapours passes into the 
fractionating column near the bo tto m (Figure 6.4 , 
p. 90). Each fraction is obtained by collectin g 
hydrocarbon molecules which have a boiling point 
in a g iven range of temperatures . Fo r example, the 
fraction we know as petrol contains molecules which 
have bo iling po ints between 30 °C and 110 °C. The 
molecules in this fraction contain between fi ve and 
ten carbon atom s. These smaller molecules with 
lower bo iling po ints co ndense higher up the tower. 
The bigger hyd rocarbon molecules which have the 
higher boiling points cond ense in th e lowe r half o f 
the tower. 

The liquids cond ensing at different levels arc 
collected on trays. In thi s way the crude o il is 
separated into different fractions. These fractions 
usuall y co ntain a number of different hydrocarbons. 
The individual single hydrocarbons can then be 
obtained , again by refining the fraction by forther 
distillation. 

It is important to realise that the uses of the 
fracti ons depend on their properties. For example, 
one of the lower fractions, which bo ils in the range 
250- 350 °C, is quite thick and sticky and makes a 
good lubricant. However, the petrol fracti on burns 
ve ry easily and this therefore makes it a good fuel fo r 
use in engines. 

Questions 
1 What do you understand by the term hydrocarbon? 
2 All organisms are composed of compounds which contain 

carbon . Why do you think carbon chemistry is often called 
'organic chemistry'? 

3 List the main fractions obtained by separating the crude oil 
mixture and explain how they are obtained in a refinery. 

• 



6 CHEMICAL ENERGETICS 

• Fossil fuels 
Coal, o il and natural gas arc all cxampks of fossil 
fuels. The term foss il focls is derived from the fact 
that th ey arc fo rmed from dead plants and animals 
whi ch were foss ilised over 2 00 milli on years ago 
during the carbo niferous era. 

Coal was produced by the actio n o f pressure and 
heat o n dead wood fro m ancient fo rests which o nce 
grew in the swampland in many parts o f th e world 
und er the prevailing weather conditi ons o f that tim e. 
When dead trees fell into the swamps they were 
buried by mud. This prevented aerobic decay (which 
takes place in the presence of oxygen ). Over millions 
o f years, du e to m m 'cm cnt o f the Earth's crust as well 
as to changes in climate, the land sank and the decaying 
wood becam e covered by '-·ven m ore layers o f mud and 
sand . Anaerobic decay (which takes place in the absence 
of oxygen ) occurred , and as time passed the g radually 
forming coal becam e m o re and m o re compressed as 

.. 11111111111 .. , ;.,,. ,... 

usedto ma ke bitumenfor 
surfac ing roads 

b Usesofthedifferentfractionsobtainedfromcrudeoil. 

o ther m aterial was laid down above it (Fig ure 6 .5 ). Figure 6.5 Piece of coal sho'Ning a fossilised leaf. 



Figure 6.6 Cutting coal today is extremely mechanised. 

O ver millions of years, as the layers o f fo rming 
coal were pll shed deeper and the pressure and 
temperature increased , th e final conversion to coal 
took place (Figure 6 .6 ). DiffCre nt types of coal were 
fo rm ed as a result o f different pressures being applied 
during its fo rmation. For example, anthracite is a 
hard coal with a high carbon content, typical o f coal 
produced at g reater depths. Table 6.1 shows some 
of the different types of coal along with their carbon 
contents. 

Table 6.1 Thedifferentcoaltypes. 

Type of coal Carbon content/% 

Anthracite 90 

Bituminous coal 60 

Lignite 40 

Peat 20 

Oil and gas were fo rmed during th e same period 
as coal. It is believed that o il and gas were form ed 
from th e rem ains of pl ants, anim als and bacteria that 
once lived in seas and lakes. This material sank to the 
bottom of these seas and lakes and became covered in 
mlld , sand and silt which thickened with tim e . 

Anaerobic decay took place and , as the mud layers 
built up, high temperatures and pressures were 
created which converted th e material slowly into oil 
and gas. As rock fo rmed , earth movements ca LJ sed it 
to buckle and split, and the o il and gas were trapped 
in fo lds beneath layers o f non-porous rock or cap­
rock (Figures 6 .7 and 6 .8 ). 

Fossil fuels 

Figure6.7 Oil production in the North Sea. 

Figure 6.8 Natural gas and oil are trapped under non-porous rock. 

Questions 
1 Coal, oil and natural gas are all termed 'fossil fuels'. Why is 

the word 'fossil' used in this context? 
2 a Name the process by which plants convert carbon 

dioxide and water into glucose. 
b What conditions are necessary for this process to occur? 

3 Draw a flow diagram to represent the formation of coal, oi l 
or gas. 
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• What is a fuel? 
A foci is a substan ce which can be co nveni ently used 
as a source o f energy. Fossil fuds release energy in the 
form o f heat when they undergo combustion. 

fossil foci + oxygen ----> carbon dioxide + water + energy 

For example, natural gas burns readily in air 
(Chapter 14, p. 220). 

methane+ oxygen ----> carbo n + water+ energy 
dioxide 

CH 4(g) + 202(g) - C02(g) + 2H20(1) 

It should be noted that natural gas, like crud e o il , 
is a mixture o f hydrocarbo ns such as m ethane (main 
constituent), ethane and propane, and may also 
contain som e sulfur. The sulfor content varies from 
source to source. Nah1ral gas obtained fro m th e 
North Sea is quite low in sulfur. 

The perfect foci would be: 

• cheap 
• available in large quantities 
• sak to sto re and transport 
• easy to ig nite and burn , causing no pollution 
• capable o f releasing large am ounts o f energy. 

Solid fuels are safer than volatile liquid fuels like 
petrol and gaseous fuels like natural gas. 

Question 
1 'We have not yet found the perfect fuel. Discuss this 

statement. 

How are fossil fu els used ? 
A major use o f fossil fuels is in the productio n o f 
electricity. Coal, o il and natural gas arc burned 
in power statio ns (Figure 6.9) to heat water to 
produce steam, which is then used to drive large 
turbines (Figure 6.10). A high propo rtio n o f the 
electricity generated worldwide is derived fro m 
fossil fuels. H owever, it sho uld be no ted that th e 
relative importan ce o f the three major fossil fuels is 
chang in g . Coal and o il arc becoming less important 
while natural gas is increasin gly important. 

In a power statio n , the turbine drives a generato r 
to prod uce electricity which is then fed into the 
natio nal grid (Figure 6.10). The natio nal g rid is 
a system for distributing electricity th rougho ut a 
country. 

Figure 6.9 A Hongkong Electric Co. Power Station, Hong Kong, China. 

transformer 
Figure6 .10 Thewayin whichfuelsareusedtoproduceelectricity. 

Other maj or uses o f the foss il fuels arc: 

• as major feedstock (raw material ) fo r the 
chemi cals and pharmaceuticals industries 

• or do mesti c and industrial heating and cooking 
• as fuels for vario us fo rms o f vehicle transport. 

Question 
1 'Fossil fuels are a major feedstock for the chemical and 

pharmaceutical industries.' With reference to Chapters 14 
and 15, give examples which support this statement. 



• Alternative sources 
of energy 

Fossil fods arc an c.xampk of non-renewable 
resources, so called because they arc no t being 
replaced at the same rate as they arc being used up. 
Fo r example, we have approximately 60 years' supply 
of crud e o il remaining, dependin g o n th e way in 
which it is extracted and th e rate at which it is used, 
maybe mo re (Table 6.2 ). It is important to use 
non-renewable fuds very carefully and to consider 
alternative, renewable sources o f energy for use now 
and in the future. 

Table 6.2 Estimates of how long our fossil fuels will last. 

Fossil fuel Estimated date it is expected to run out 

2110 

Oil 2080 

Cool 2500 

Nuclear power 
Calder Hall power statio n in C umbria, UK, o n the 
site o f th e present-day nuclear power complex at 
Sdlafidd (Fig ure 6.11 ), opened in 1956 and was 
the first nuclear reacto r in the world to produce 
electricity o n an industrial scale. 

Figure 6.11 The nuclear power complex at Sellafield, Cumbria, UK w as 
thefirsttoproduceelectricityinthev,,orld. 

Nuclear reactors harness the energy fro m the fi ssio n 
of uranium-235. Nuclear fission occurs when the 
unstable nu cleus of a radioactive isoto pe sp lits up , 
forming smaller atoms and producing a large a.mount 
o f energy as a result. Scientists believe that the energy 
com es fro m the conversio n o f some o f the mass o f 
the isotope. 

This fi ssio n process begins when a neutron hits an 
atom of uranium-235 , ca using it to split and produce 

Alternative sources of energy 

? 
°""'"'o~ uranium at om 

Q Q neutron 

0 0 O fragments 

Figure6.12 Chain reaction inuranium-235fission. 

three further neutrons. These three neutrons split 
three m o re atoms o furanium-235 , which produces 
nine neutrons and so o n. This initiates a chain 
reaction (Fig ure 6.12). 

In a reacto r the fi ssio n process cann ot be allowed 
to get out o f control as it docs in an ato mic bomb. 
To prevent this, boron control rods can be pushed 
into difti:rcnt positions in th e reactor to absorb 
some o f the neutrons which arc produced and so 
slow down th e chain reactio n. If this is do ne, the 
energy released from the reactio n is obtain ed in a 
m o re controlled way. The energy is used to prod uce 
steam, which in turn is used to generate electricity 
(Figure 6.10, p. 92). 

H owever, there arc problems. The main problem 
associated with a nuclear power stati o n is that the 
reactor produces hig hly radi oactive waste materials. 
These waste materials arc difficult to store and cann o t 
be disposed o f very easily. Also, leaks of radioactive 
material have occurred at vario us sites th rougho ut 
the world. Accidents at a small number o f nuclear 
power statio ns, such as Three Mile Island in the US 
( 1979) and Chern o byl in the Ukraine ( 1986) have 
led to a g reat deal o f concern about their safety. More 
recently, in March 2011 a major nuclear accident 
happened at the Fukushima nucl ear power plant in 
no rth ern Japan. On this occasion th e accident was 
no t caused as a result of the plant itself undergoing a 
problem, but as a result o f an earthquake near Japan 
that gave rise to a tsunami. This damaged essential 
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equipment at the plant which was used to ensure the 
temperatures were maintained at a cor rect level. \.York 
is still goin g o n at th e plant to rem ove the nuclear 
material safely. 

Figure 6.13 Workers wearing protective suits and masks at the 
Fukushima power plant. 

Hydroelectric power 
H ydroelectri c power (HEP) is electrici ty generated 
from th e cncrgy of falling water (Figure 6 .14). It is 
an excellent energy source, and electricity has been 
generated in thi s way fo r som e tim e. Fo r example, 
the Hoover Dam in the US provides HEP fo r 
the surrounding area. It is a very cheap source o f 
electricity. Once you have built th e po wer statio n , 
the energy is abso lutely free. In some m o untain o us 
areas of the world , such as the Alps, HEP is 
the main source o f electricity. One o f the main 
advantages o f this system is that it can be qui ckly 
used to supplement th e natio nal g rid at tim es o f 
hig h demand. A disadvantage o f HEP schem es is 
that they o ften require valleys to be flooded and 
communiti es to be moved. 

Figure 6.14 A hydroelectric pov,,er sta tion. 

Biomass and biog as 
\Vh en any bio logical material , whether plant o r 
animal, is converted into energy, this energy is call ed 
biomass energy. It can be taken from animal or 
plant materials in different ways: 
• by burning it, for example wood (Fig ure 6.15) 

Figure 6.15 Biomass energy is produced by burning wood. 

• by pressing o ut oils that can be burned 
• by fermenting it to produce fuels such as ethano l 

or m ethane. 

At least 50% o f the world 's po pulatio n rely o n wood 
as their main energy source. 

In India there arc milli ons o f methane generators . 
M ethane generated by the digestio n o f animal waste 
is called bioga.s. The biogas produced is used fo r 
cooking, heating and lig hting. The by-product o f 
this process is an excellent fertiliser. 

Som e countries have already experimented with 
ethano l as a fuel for cars. Up to 20% o f ethano l 
can be add ed to petrol witho ut th e need to adju st 
the carburetto r. Brazil , which has few o il reserves, 
produces ethanol by fermentatio n (breakdown 
by enzym es ) o f sugar cane and g rain , and uses it 
as a petro l additive (Fig ure 6.16 ). The Brazilian 
governm ent has cut down its pet rol imports by up 
to 60% throug h using this alco ho l/petrol mixture. 

Figure6.16 lnBrazilcarsuseanethanoVpetrolmixture. 



Hydrogen - t he fu el of the future 
It is widely believed th at hyd rogen will play an 
impor tant part as a fuel in the future. It is alread y 
bein g triall ed by m ajo r m o tor manufacturers 
as an altern ative to foss il fu els such as petro l 
( Fig ure 6 .1 7) . 

Figure6 .17 Thiscarispaweredbyhydrogengas. 

H yd rogen burns cleanly to form water: 

hydrogen + oxygen -----+ water 
2H 2(g) + 0 2 (g) - 2H20 (!) 

H ence virtually no exhaust pollutio n is created. Also, 
hyd rogen can be o btained in an alm ost unlimited 
supply fro m water by elect rolysis. H owever, at 
present it is a costly alternati ve. 

Questions 
1 Draw up a table showing the alternat ive sources of energy 

along with their advantages and disadvantages. 
2 What is meant by the terms: 

a non-renewable energy sources? 
b renewable energy sources? 

3 Use your research skills to obtain technical information 
about the operation of Pelamis Wave Energy Converter. 

Chemical energy 

• Chemical energy 
We o btain o ur energy needs fro m the combustio n o f 
fuels, such as hydrocarbons, fro m the combustio n o f 
foods and from many o ther chemical reactio ns. 

Combustion 
Wh en natural gas burns in a plentiful supply of air it 
prod uces a large amo unt o f energy. 

methane+ oxygen------> carbon + water + heat 
dioxide energy 

CH4(g) + 202(g) ------>C02(g) + 2H20 (t) + heat 
energy 

During this process, the complete combustion 
ofmctham:, heat is g iven o ut. It is an exothermic 
reacti on. If o nly a limited supply o f air is available 
then the reactio n is not as exothermic and the 
poisonous gas carbo n m o noxide is produced. 

methane + oxygen------> carbon + water + heat 
monoxide energy 

2CH4(g)+ 302(g) ------> 2CO(g) + 4H20 (1) + heat 
energy 

This is the incomplete combustion o f m ethane. 
The energy chan ges that take place durin g a 

chemical reactio n can be shown by an energy level 
diagram. Fig ure 6 .18 shows the cncrgy level diagram 
fo r the complete combustio n o f mcthan c. 

1 
progress of reaction 

Figure 6.18 Energy level diagram for the complete combustion of 
methane. 

When an y reacti o n occurs, the chemical bonds 
in the reactants have to be broken - this requires 
energy. This is an cndo thermic process . \,Vhcn the 
ncw bo nds in the products arc form ed , energy is 
given o ut (Figure 6 .19). This is an exothermic 
p rocess. The bond energy is defined as the amo unt 
o f energy in kilo joulcs (kJ ) associatcd with the 
breakin g o r making o f o ne m ole o f chemical bo nds 
in a m olecular clem ent o r compound. 
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BREA K BONDS 

i~+;?' 
G @@G® •••• 

{ .. 
~ H 

MAKE NEW BONDS 
gives out energy 

progress of react ion 

Figure 6.19 Breaking and forming bonds during the combustion of methane. 

Usin g th e data in Table 6 .3, whi ch tells us how 
mu ch energy is needed to break a chemical bo nd 
and how much is g iven o ut w hen it fo rm s, we can 
calculate how much energy is involved in each stage. 
Table 6.3 Bondenergydata. 

Bond Bond energy/ kJmol-1 

C-H 435 

O=O 497 

C=O 803 

H--0 464 

c-c 347 

C--0 358 

Bond breaking 
Breakin g 4 C-H bonds in methane requires 
4 X 435 ~ ] 74Qkj 

Breaking 2 O=O bonds in oxygen rcquin:s 
2 X 497 ~ 994kj 

Total= 2734kJ of energy 

Making bonds 
M akin g 2 C=O bo nds in carbon diox ide gives out 
2 X 803 ~ ] 6Q6 kj 

M aking 4 0-H bonds in water gives out 
4 X 464 ~ ] 856 kj 

Total= 3462 kJ of energy 

Energy difference 
energy required energy given o ut when 
to break bo nds bo nds arc m ade 

~ 2734 - 3462 
~ -728 kJ 
The negative sig n shows that the chemicals arc 
losing energy to th e surroundings, that is, it is an 
exothermic reactio n . A positive sign would indicate 
that th e chemi cals arc gaining energy fro m th e 
surroundings. This type o f reaction is called an 
endo thermic reactio n. 

The energy stored in the bonds is called the 
enthalpy and is given the sym bol H . The change in 
energy going from reactan ts to prod ucts is called the 
change in enthalpy and is shown as 11H (prono unced 
'ddta H ' ). 11 H is called the heat o f reaction . 

Fo r an exothermic reactio n 11 H is negative and fo r 
an endothermic reaction 11 H is positive. 

When fuels, such as m ethane, arc burned they 
require energy to start the chemical reactio n. This is 
known as the activation energy, EA (Figure 6.20). 
In the case o f m ethane reacting with oxygen , it 
is some o f the energy involved in the initial bond 
breaking (Figure 6 .20 ). The value o f the activation 
energy will vary fro m foci to fuel. 



1 
activation 
energy(EA) 

progress of reaction 
Figure6.20 Energyleveldiagramformethane/oxygen. 

Endothermic reactions arc much less common than 
exothermic ones . In this type of reaction energy is 
absorbed from the surroundings so that the energy 
of the products is greater than that o f the reactants . 
The reaction between nitrogen and oxygen gases 
is end othermic (Figure 6.21 ), and th e reaction is 
favoured by high temperatures . 

nitrogen+ oxygen---,. nitrogcn(n) oxide 
N2(g) + 0 2(g) - 2NO(g) +!1H 

progress of reaction 

Figure6.21 Energyleveldiagramfornitrogen/oxygen. 

Dissolving is o ften an end othermic process . Fo r 
example, when ammonium nitrate dissolves in 
water the temperature of the water fall s, indicating 
that energy is being taken from the surroundin gs. 
Photosynthesis and th ermal decomposition arc 
o ther examples of end oth ermi c processes. 

In equations it is usual to express the !J.H value in 
units ofkJ mol-1. For example: 

CH4(g) + 202(g) - C0 2(g) + 2H 20 (1) 
!J.H= -728kJ mol- 1 

This !J.H value tells us that when l mole of methane 
is burned in oxygen, 728 kJ o f energy arc released. 
This value is called th e enthalpy of combustion ( or 
molar heat of combustion) of methane. 

Changes of state 

Enthalpy of neutralisation (molar 
heat of neutralisation) 
This is th e enthalpy change that takes place when 
l mol o f hydrogen ions (H+(aq )) is neutralised. 

W (,q) + OH-(,q) - H20 (1) 11H ~ - 57 kJ moJ- 1 

This process occurs in the titration of an alkali by 
an acid to produce a neutral so lution (C hapter 8, 
p . 124). 

Questions 
1 Using the bond energy data given in Table 6.3: 

a Calculate the enthalpy of combustion of ethanol, a fuel 
added to petrol in some countries. 

b Draw an energy level diagram to represent this 
combustion process. 

c How does this compare with the enthalpy of combustion 
of heptane (C7H14), a major component of petrol, of 
-4853 kJ mo1-1? 

d How much energy is released per gram of ethanol and 
heptane burned? 

2 How much energy is released if: 
a 0.5 mole of methane is burned? 
b 5 moles of methane are burned? 
c 4g of methane are burned? 

(A.: C = 12; H = 1) 

3 How much energy is released if: 
a 2 moles of hydrogen ions are neutralised? 
b 0.25 mole of hydrogen ions is neutralised? 
c 1 mole of sulfuric acid is completely neutralised? 

• Changes of state 
In Chapter 1, p. 4 , we discussed th e melting and 
boiling ofa substance. The heating curve for water 
is shown in Figure 1. 11 on p. 5. For ice to melt 
to produce liquid water, it must absorb energy 
from its surroundings. This energy is used to break 
down the weak fo rces between the water molecules 
(interm olecular forces) in the ice. Thi s energy is 
called the enthalpy of fusion and is given the symbol 
L\.Hfusion· Similarly, when liquid water changes into 
steam, the energy required fo r this process to occur 
is called the enthalpy of vaporisation and is given 
the symbol L\ll.,ap· Figure 6.22 shows an energy 
level diagram representing both the fusion and the 
vapo risation processes . 
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vaporisat ion steam 

fusion liquid water 

ice J ;~J~~~~~1 
(6.H1uJ 

+ 2.28kJg- 1 

4 1.04kJmol- 1 

(&1-/vap) 

progress of reaction 
Figure 6.22 Energy level diagram for the fusion and vaporisation of water. 

Quest ions 
1 Describe the energy changes which take place when the 

processes described in this section, with water, are reversed . 
2 Using the knowledge you have obtained from Chapter 1, 

p. 5, give a full definition of the enthalpy of fusion and 
enthalpy of vaporisation for water. 

• Cells and batteries 
A chemical cell is one which produces d cctrical energy 
from chemical energy. The electrical energy is produced 
as a result o f the transfer of electro ns which takes place 
during the chemical reaction via a rcdox process. 

A simple type of chemi cal cell is that shown in 
Figure 6.23a. In this cell the more reactive metal 

zinc dissolves in the dilute sulfuric acid , prod ucing 
zinc ions (Zn2+(•q)) and releasing two electrons. 

Zn(s) _,. Zn2+(aq ) + 2e-

Thcsc electro ns produ ced at th e zinc elect rode 
cause it to become th e negative terminal. They 
fl ow t o th e positive coppe r terminal th rough 
th e external circuit via the bulb , which g lows. 
Bubbles of hydrogen arc seen when th e electrons 
arri ve at the copper elect rod e. The hydroge n gas 
is produ ced from th e hyd rogen ions in the acid , 
which co llect the electrons appearin g at the copper 
electrode. 

2H'(,q) + 2e- - H2(g) 

Slowly, the zinc electrode di ssolves in th e acid and 
th e bulb will th en go out. If th e zinc is replaced 
by a m ore reactive metal, such as m agnesium, then 
the bulb g lows m ore brightly. Magnesium loses 
electrons m ore easil y as it reacts fas ter with the 
dilute acid. 

The difference in th e reactivity between the two 
me tals used in the ce ll crea tes a particular vo ltage 
readin g o n th e vo ltmeter shown in Figure 6 .23 b. 
The m ore the two me tals differ in reactivity, th e 
larger is the vo ltage shown and delivered by the 
cell. This method ca n be used t o co nfirm the 
o rd er o f reactivity o f th e m etals (C hapte r 10, 
p. 150) . O the r types o f che mi ca l cell in common 
use arc dr y cells used in radi os , to rches , and so 
on , and lead- acid accumulat o rs u sed in m ot o r 
vehicles . These arc co nvenient and porta b le 
energy so urces. 

a A simplechemical cell. 
Figure6.23 

b Thevoltagereflectsthedifferenceinreactivityofthemetals. 



Fuel ce lls 
Scientists have found a mu ch m o re effi cient way 
o f chang ing chemical energy into el ectrical energy, 
using a fu el cell (Figure 6.24 ). Fuel cel ls arc like 
the chemical cells in the previo us section , except 
that the reagents arc supplied continu o usly to the 
elect rodes . The reagents are usually hyd rogen and 
oxygen . The foci cell principl e was fir st discovered 
by Sir William Grove in 1839. 

Figure 6.24 The space shutt le's computers use electricity produced by 
fuel cells. 

When he was elect rolysing water and he switched 
o ff the power supply, he no ticed that a current still 
flowed but in the reverse directio n. Subsequ ently, 
the process was explained in terms o f the reactio ns 
at the elect rodes' surfaces o f the oxygen and 
hyd rogen gases which had been produced during 
the elect rolysis. 

The hyd rogen foci cells used by N ASA in th e 
US space programme arc a.bout 70% effi cient and , 
since the o nly product is water, they arc pollutio n 
free. The aqueous Na OH electro lyte is kept within 
the cell by electrod es whi ch arc porous, allowing 

Cells and batteries 

the transfer o f 0 2 , H 2 and water through th em 
(Figure 6.25 ). As 0 2 gas is passed into the cathode 
regio n o f the cell it is reduced: 

The OH- ions fo rmed arc rem oved fro m the fo ci 
cell by reactio n with H 2 : 

The electro ns produced by this process pass around 
an external circuit to the cathode. 

H, in -----.. 

anode made 
from a porous 
material, 
impregnated 
with platinum 
catalyst 

( - ) external circuit (+) 

H,O 
oot 

H,O 

OS-

electrolyte of 
NaOH(~ 

Figure6.25 A diagrammat icviewofafuelcell. 

Questions 

---o,in 

cathode made 
from a porous 
material with 
cobalt oxide 
or platinum 
catalyst 

1 Describe how simple chemical cells can be used to confirm 
the order of reactivity of the metals in the reactivity series. 

2 The fuel cell was discovered during electrolysis experiments 
with water. It is the reverse process which produces the 
electricity. Write a balanced chemical equation to represent 
the overall reaction taking place in a fuel cell. 

• 
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Check li st 
After studying Chapter 6 you should know and understand the 
following terms. 

• Aerobic decay Decay which takes place in the presence 
of oxygen. 

• Anaerobic decay Decay which takes place in the absence 
of oxygen. 

• Bond energy An amount of energy associated with a 
particular bond in a molecular element or compound . 

• Chain reaction A nuclear reaction which is self-sustain ing 
as a result of one of the products causing further reactions. 

• Chemical cell A system for converting chemical energy to 
electrical energy. 
Combustion A chemical reaction in which a substance 
reacts rapidly with oxygen with the production of heat and 
light. 
Endothermic reaction A chemical reaction which absorbs 
heat energy from its surroundings. 
Enthalpy Energy stored in chemical bonds, given the 
symbol H. 

• Enthalpy change Given the symbol t,.H, it represents the 
difference between energies of reactants and products. 

• Enthalpy of combustion The enthalpy change which 
takes place when one mole of a substance is completely 
burned in oxygen. 

• Enthalpy of fusion The enthalpy change that takes place 
when one mole of a solid is changed to one mole of liquid 
at the same temperature. 

• Enthalpy of neutralisation The enthalpy change which 
takes place when one mole of hydrogen ions is completely 
neutralised. 

• Enthalpy of vaporisation The enthalpy change that 
takes place when one mole of liquid is changed to one mole 
of vapour at the same temperature. 

• Exothermic reaction A chemical reaction that releases 
heat energy into its surroundings. 

• Fossil fuels Fuels, such as coal, oil and natural gas, 
formed from the remains of plants and animals. 

• Hydrocarbon A substance which contains atoms of 
carbon and hydrogen only. 

• Non-renewable energy sources Sources of energy, 
such as fossi l fuels, which take millions of years to form and 
which we are using up at a rapid rate. 
Nuclear fi ssion The disintegration of a radioactive 
nucleus into two or more lighter fragments. The energy 
released in the process is called nuclear energy. 
Oil refining The general process of converting the 
mixture that is collected as crude oil into separate fractions. 
These fractions, known as petroleum products, are used 
as fuels, lubricants, bitumens and waxes. The fractions 
are separated from the crude oi l mixture by fractional 
distillation. 

• Organic compounds Substances whose molecules 
contain one or more carbon atoms covalently bonded with 
another element (including hydrogen, nitrogen, oxygen, the 
halogens as well as phosphorus, silicon and sulfur). 

• Renewable energy Sources of energy which cannot be 
used up or which can be made at a rate faster than the rate 
of use. 
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• Additional questions 
1 a State which o f th e fo llowing processes is 

endo thermic and which is exothermic. 
( i) The breaking of a chemical bond. 
(ii) The forming of a chemical bond. 

b The table below shows the b ond en ergy data fo r 
a series o f covalent bonds. 
( i) U se the in fo rm atio n given in the table to 

calculate the overall enthalpy chan ge fo r the 
combustion o f e than o l produ cing carbo n 
dioxide and water. 

( ii) Is th e process in (i ) endo thermic or 
exothermic? 

Bond Bond energy/ 
kJmo1- 1 

C- H 435 

O=O 497 

C=O 803 

H----0 464 

C-C 347 

C----0 358 

2 C rud e oil is a mi xture of hydrocarbons. 1l1c 
refining of crud e oil producr.:s fractions which 
arc m o re u scfol to u s than crud e oil itself. Each 
fr.iction is composed of hydrocarbons which 
have boiling points within a specific range of 
temperature. The separation is carried o ut in a 
fractio nating column , as shown below. 

fraction 

A 

• 8 

a W hich separatio n techniqu e is used to separate 
th e fractio n s? 

b Name each o f th e fractio ns A to H and g ive a 
use fo r each. 

c W hy d o the fractio ns com e fro m the 
fractio natin g column in this o rder? 

d What is the connectio n between your answer to 
c and the size o f the m o lecules in each fraction ? 

e Which o f th e fractio ns will be the m ost 
flammable? 

3 Explain the fo llowing . 
a H yd roelectric power is a relatively cheap source 

of electricity. 
b Geoth erm al energy is a no n -po llutin g fo rm o f 

energy. 
c A disadvantage o f wind power is that it cau ses 

no ise po llutio n. 
d The by-prod uct fro m the process b y which 

methane is gen erated by the digestion o f animal 
waste is an excellent fertiliser. 

e The fi ssio n o furanium -235 in a nuclear reacto r 
is an example o f a chain reactio n. 

f Tidal- and wave -generated electricity has a maj o r 
enviro nmental disadvantage. 

4 One o f th e first practical chemical cells was the 
Daniell cell invented by Jo hn Daniell in 1836. A 
diag ram o f thi s type o f cell is shown below. 

porous 
pot 

(+ ) 

copper 

copper(11) 
sulfate 
solution 

It is capable o f generating ab out 1.1 volts and 
was used to o perate small e lectrical item s su ch as 
d oorbells. 
a The elect rod e reactio n taking place at a copper 

ano de is: 

Cu2+(aq) + 2 e- --,. Cu(s) 

Write an elect rod e equatio n fo r the p rocess 
taking place at the cath ode. 
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b Which way would the electro ns fl ow in the wire 
connected to the voltmeter - fro m 'copper to 
zinc' o r 'zinc to copper '? 

c Why sho uld coppcr(n ) sulfatc crystallise at the 
b o tto m o f the o uter container? 

d What is the functio n o f the porous pot? 
e There arc problems associated with the Daniell 

cell whi ch have led to it being replaced by other 
types o f cell. Give two reasons why Daniell cells 
arc no lo nger in use today. 

5 This questio n is abo ut endo thermic and 
exo thermic reacti o ns. 
a Explain the meaning o f the terms endo thermic 

and exothermic. 
b (i) Draw an energy level diagram fo r the reaction: 

NaOH(,q) + HCl(,q) - NaCl(,q) + H2 0 (!) 
11H = - 57 kJ moJ- 1 

(ii) Is this reactio n endo thermic or exothermic? 
( iii ) Calculatc th e energy change associated with 

thi s reactio n if 2 m o les of sodium hyd roxide 
were neutralised by excess hyd rochlo ric acid. 

c (i) Draw an energy level diagram for the reaction : 

2H20 (!) - 2H2(s) + 0 2(s) 
11H = +575 kJ m o l- 1 

(ii) Is this reactio n endo thermic or exothermic? 
( iii ) Calculate th e energy change for this reactio n 

if only 9 g o f water were converted into 
hyd rogen and oxygen. 

6 The fo llo wing results were o btained fro m an 
experiment carried out to m easure the enthalpy o f 
combustion (heat o f combustio n ) o f ethano l. The 
experiment involved heating a known volume o f 
water with the flame fro m an ethano l burner. 

thermometer 

r-- ---,.,- metal 
calorimeter 

f-,11---,0-11- - clamp 

.-
heat - draught 

shield 

The burner was weighed initially and after th e 
desired temperature rise had been o btained. 

Volume o f water in glass beaker = 200 cm 3 

Mass o f ethano l burner at start = 85.3 g 
Mass o f ethano l burner at end = 84.8 g 

Temperature rise o f water = 12 cc 
(Density o f water = 1 g cm-3 ) 

H eat energy = m ass o f x 4 .2 x temperature 
given to water/g J g - 1 cc- 1 rise/cc 

water 

a Calculate the m ass o f ethano l burned. 
b Calculate the am ount o f heat produced, in joules, 

in this experiment by the ethanol burning. 
c Convert your an swer to b into kilojo ules. 
d Calculate the am ount o f heat produced by l g o f 

ethan o l burning. 
e What is the mass o f 1 m o le o f ethan o l 

(C2 H;OH )? 
(A.c H ~ l ; C ~ 12; 0 ~ 16) 

f H ow much heat wo uld be produced if 1 m ole 
o f ethano l had been burned ? (This is the heat o f 
combustio n o f ethanol. ) 

g Compare your valu e with the actual valu e o f 
137 1 kJ m o l- 1 and suggest two reasons for the 
difference in valu es . 

h Write a balanced chemical equatio n to represent 
th e combustion o f ethan o l. 

7 The fo llowing results were o btained from a 
neutralisatio n reactio n betv.reen l m o l dm-3 

hyd rochlo ri c acid and 1 m o l dm-3 sodium 
hyd roxide. This experiment was carri ed o ut to 
measure the heat o f neutralisatio n o f hydrochlo ric 
acid. The temperature rise which occurred durin g 
the reactio n was recorded. 

Volume o f sodium hyd roxide used = 50 cm 3 

Volume o f acid used = 50 cm 3 

Temperature rise = 5 cc 
(Density o f water = l g cm-3 ) 

H eat energy = mass o f x 4.2 x temperature 
given o ut water/g 1 g- 1 cc- 1 rise/cc 

during 
reactio n 

a Write a balanced chemical equatio n fo r the 
reactio n . 

b What mass o f so lutio n was warm ed during the 
reactio n? 



c H ow much heat energy was produced during th e 
reaction? 

d H ow many moles of hydrochloric acid were 
involved in the reaction? 

e H ow much heat would be produced if 1 mole of 
hydrochloric acid had reacted? (This is the heat 
of neutralisation of hydrochloric acid. ) 

f The heat of neutralisation of hydrochloric acid 
is -57kJ mol- 1• Suggest two reasons why there 
is a difference between this and your calculated 
value. 

8 Write down which factors arc most important 
when deciding on a particular foci for the purpose 
given: 
:i foci for a cigarette lighter 
b foci for a camping stove 
c foci for an aeroplane 
d foci for an underground transport system 
e foci for a space craft 
f foci for domestic heating. 

Additional questions 

9 'Propagas' is used in some central heating systems 
where natural gas is not available. It burns 
according to the following equation: 

C3H 8(s) + 502(s) -----> 3COi(g) + 4H20 (1) 

!J.H = - 2220kJ mo[-1 

a What arc the chemical names for 'propagas' and 
natural gas? 

b Would you expect the heat generated per mole 
of'propagas' burned to be greater than that for 
natural gas? Explain your answer. 

c What is 'propagas' obtained from? 
d Calculate: 

(i) the mass of'propagas' required to produce 
5550 kJ of energy 

(ii) the heat energy produced by burning 
0.5 mole of'propagas' 

(iii)thc heat energy produced by burning 11 g of 
'propagas' 

(iv) the heat energy produced by burning 
2000dm3 of'propagas' 

(Ar: H= l ; C = 12; 0= 16. One mole of any 
gas occupies 24 dm3 at room temperature and 
pressure. ) 



0 Chemical reactions 

Factors that affect the rate of a reaction 
Surface area 
Concentration 
Temperature 
Light 
Catalysts 

Fig ure 7. 1 shows som e slow and fast reacti ons. The 
two pho tographs o n the kft show examples o f slow 
reactions. Tiu: ripening of appks takes place over a 
number o f weeks, and th e making and maturing o f 
cheese may take mo nths. The burning o f so lid fods, 
such as coal , can be said to in volve chemical reactio ns 
taking place at a m edium speed or rate . The other 
cxamplt: shows a fast reacti on. The chemicals inside 
n plosivcs, such as TNT, react very rapidly in reacti ons 
which arc over in seconds or fractio ns o f seconds. 

Enzymes 

Checklist 

Additional questions 

As new techniqu es have been develo ped , the 
processes used within the chemical industry have 
becom e more complex . Therefore, chemists and 
chemical eng ineers have increasingly looked for ways 
to control the rates at which chemical reactio ns take 
place. In do ing so , they have discovered that there 
arc five main ways in which yoll can alter the rate o f a 
chemical reacti o n. These ideas arc no t o nly incredibly 
usefol to indll stry bllt can also be applied to reactio ns 
which occur in the school laborato ry. 

Figure 7.1 Some slow (ripening fruit and cheese making), medium (coal fire) and fast (explosion) reactions. 



• Factors that affect the 
rate of a reaction 

• Surface area o f the reactants. 
• Concentration o f the reactants and gas pressure . 
• Temperature at whi ch the reaction is carried o ut. 
• Light. 
• U se o f a catalyst , including enzym es . 

Co llision t heory 
Fo r a chemical reacti o n to occur, reactant particl es 
need to collide with o ne ano ther. N o t every collisio n 
results in the formatio n o f p rodu cts. Fo r produ cts 
to be fo rmed, th e collisio n has to have a certain 
minimum am o unt o f energy associated with it. 
This minimum am o unt o f energy is kn own as the 
activation energy, Ea (Figure 7 .2 ). Collisio ns which 
result in the formation o f products arc kn own as 
succcssfol collisio ns. 

~ ~ --------- -=~~;:!ion 

e' ------- ------- overall 
~ reactants energy 

change 

products 

progress of reaction 

Figure7.2 Energyleveldiagramshowingactivationenergy. 

Surface area 
In Chapter 13, we shall sec that limesto ne ( calcium 
carbonate) is a substance which can be used to 
neutralise soil acidi ty. Powdered limesto ne is used 
as it neutralises th e acidity faster than iflumps 
o flimcsto nc arc used. Why do you think this is 
the case? 

In th e labo rato ry, the reacti o n between acid 
and limesto ne in th e fo rm oflumps o r powder 
can be o bserved in a simple test -tube ex periment. 
Fig ure 7 .3 shows the reactio n betwee n dilute 
hyd rochl oric acid and limesto ne in lump and 
powdered fo rm. 

hydrochloric + calcium ----+ calcium + carbon + water 
acid carbonate chlorid e dioxide 

2HCl(aq) + CaC03(s) ----+ CaCl2(aq) + CO i(g) + H 20 (1) 

Factors that affect the rate of a reaction 

Figure 7.3 The powdered limestone {left) reacts faster with the acid than 
the limestone in the form of lumps. 

The rates at which the two reactio ns occur can be 
found by m easurin g either: 

• the volume o f the carbon dioxide gas which is 
produced, o r 

• the loss in mass o f the reacti on mixture with tim e. 

These two m eth ods arc generally used for measuring 
the rate o f reactio n for processes involving the 
fo rmati o n o f a gas as o ne o f the produ cts. 

The apparatus shown in Fig ure 7 .4 (p. 106) is used 
to m easure the loss in mass o f the reactio n mixture. 
The mass o f the conical flask plus the reactio n 
mixture is measured at regular intervals. The to tal 
loss in mass is calculated fo r each reading o f the 
balance, and this is plo tted against time . Som e sample 
resul ts fro m experiments o f this kind have been 
plo tted in Figure 7 .5. 

The reacti o n is gene rally at its fastest in th e 
fir st minute . This is indicated by th e slo pes o f th e 
cun'cs durin g this time. The stee pe r th e slo pe, th e 
fa ster th e rate o f reacti o n. Yo u can see fro m th e 
two traces in Fig ure 7 .5 that the rate o f reacti o n 
is g reater with th e powdered limesto ne than th e 
lump fo rm. 
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The surface area has been increased by powdering the 
limestone (Figure 7 .6 ). The acid particles now have an 
increased amo unt of surface o f limesto ne with which 
to collide. The products of a reaction arc fo rmed 
when collisions occur between reactant particles. 

1 ·-· "d ~ ----lin est ' "'V / 

~ V 

-~ 1 
/ l/ 21 m 0 

I V lim!estc ne 

] / 
// 

V 

time/min 

Figure 7.5 Sample r=lts for the limestone/acid experiment. 

An increase in the surface area of a solid reactant 
results in an increase in the number o f collisions, and 
this results in an increase in the number o f succcssfi.tl 
collisions. Therefore, the increase in surface area of 
the limestone increases the rate of reaction. 

Figure 7.6 A powder has a larger surface area. 

In certain industri es the large surface area o f fine 
powders and dusts can be a problem. For example , 
th ere is a risk of ex plosion in flourmills and mines, 
where the large surface area of the flour o r coal 
dust can - and has - resulted in explosions th rough 
a reactio n with oxygen gas in the air when a spark 
has been created by machinery o r th e workfo rce 
(Figure 7.7). On 2 6 September 19 88, two sil os 
containing wheat exploded at the Jamaica Flour Mills 
Plant in Kingston, Jam aica, killing three workers, as a 
result o f fine dust exploding. 

Figure 7.7 The dust created by this cement plant in India is a potential 
hazard. 



Questions 
1 What apparatus would you use to measure the rate of 

reaction of limestone with dilute hydrochloric acid by 
measuring the volume of carbon dioxide produced? 

2 The following results were obtained from an experiment of 
the type you were asked to design in question 1. 

Total 
volume 
ofC02 
gas/cm 3 

a Plot a graph of the total volume of Co2 against time. 
b At which point is the rate of reaction fastest? 
c What volume of Co2 was produced after 1 minute 

15 seconds? 
d How long did it take to produce 30cm3 of C02? 

Concent rati on 
A yellow precipitate is produced in the reacti o n 
between sodium thiosul fa tc and hyd rochl oric acid. 

sodium + hrdrochloric ----,. sodium + sulfur + sulfur + water 
thiosulfate acid chloride dioxide 

Na2S20.i(aq) + 2H Cl(aq ) ----,. 2NaCl(aq ) + S(s) + S02(g) + H 20(l) 

The rate of this reaction can be followed by recording 
the time taken fo r a g iven am ount of sulfur to be 
precipitated . This can be do ne by placing a conical fl ask 
containing the reaction mixture o n to a cross o n a p iece 
o f paper (Figure 7.8). As the precipitate of sulfur forms, 
the cross is obscured and finally disappears fro m view. 
The time taken fo r this to occur is a measure of the 
rate o f this reactio n . To o btain sufficient info rmation 
about tlu: effect of changin g the concentratio n of the 
reactants, several experimen ts of this type must be 
carried o ut, using diftC:rc nt conce ntrations o f sodium 
thiosul fa tc or hydrochlo ric acid. 

Figu re7.8 Theprecipitateofsulfurobscuresthecross. 

Factors that affect the rate of a reaction 

Some sample results o f experim ents o f tl1is kind 
have been plo tted in Fig ure 7 .9 . You will note fro m 
the g raph th at when the m ost concentrated sodium 
thiosulfatc solutio n was used , the reaction was at its 
fastest . This is shown by th e shortest time taken for 
the cross to be obscured. 

r:mm:: 
0.01 0.015 0.02 0.025 0.03 

concentration of sodium thiosulfa te/mol dm-3 

Figure7.9 Sampledataforthesodiumthio5ulfatelacidexperimentat 
differentconcentrationsofsodiumthiosulfate. 

From the data shown in Figure 7.9 it is possib le to 
produce a different graph which directly shows tl1 c 
rate o f the reactio n against concentratio n rath er 
than tl1e time taken fo r the reaction to occur against 
concentratio n. To do this, tl1c times can be converted 
to a rate using: 

ratc =----­
reactio n time ( s) 

This would give tl1c graph shown in Figure 7.1 0 (p . 108). 

As di scussed earlier, tl1e products o f the reaction 
arc fo rmed as a result o f tl1e collisio ns between 
reactant particles. There arc m o re particles in a 
m o re concentrated solutio n and tl1c collision rate 
between reactant particles is hig her. The more o ften 
the particles collide, tl1c greater the chance they 
have o f havin g sufficient energy to overcom e tl1e 
act ivatio n energy o f the reactio n , and o f a successful 
collisio n occurring . This m eans tliat the rate o f a 
chemical reactio n will increase if the concentratio n 
o f reactants is increased , because tl1cre arc m o re 
particles per unit volume. 

In reactions involving o nly gases, fo r exam ple the 
H aber process (C hapter 11 , p . 177), an increase in 
the overall pressure at which the reacti o n is carried 
o ut increases the rate o f the reactio n. The increase 
in pressure results in th e gas particl es bein g pushed 
closer together. Thi s means that th ey collide m o re 
o ften and so react fas ter. 
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Figure 7.10 Graph to show the rate of reaction against concentrat ion. 

Question 
1 Devise an experiment to show the effect of changing 

the concentration of dilute acid on the rate of reaction 
between magnesium and hydrochloric acid . 

Temperature 
Why do you think food is stored in a refrigerator? 
The reason is that the rate of d ecay is slower at lower 
tem peratures. This is a gen eral feature o f the m ajo ri ty 
o f chemi cal p rocesses . 

The reactio n between sodium thiosulfatc and 
hyd rochloric acid can also be used to study the effect 
of temperature o n the rate o f a reactio n . Figure 7. 11 
shows som e sample results o f ex perimen ts with 
sodium thiosulfate and h ydrochloric acid ( at fi xed 
concentratio ns) carried out at different temperatures. 
Yo u can sec from the g raph that the rate o f the 
reactio n is fastest at hig h temperatures . 
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Figure 7.11 Sampledataforthesodiumthiosulfatelacidexperimentat 
different temperatures. 

As the temperature increases, the reactant particles 
increase their kin etic energy and they m ove faster. 
The faster m ovem ent results in m ore collisio ns 
between the particles. Som e o f these extra collisio ns, 
which result fro m the temperature in crease, will be 
su ccessful collisio ns. This causes the reaction ra te to 
increase. 

Questions 
1 Explain why potatoes cooked in oil cook faster than those 

cooked in water. 
2 Devise an experiment to study the effect of temperature on 

the reaction between magnesium and hydrochloric acid. 
3 Explain why food cooks faster in a pressure cooker. 

Light 
Some chemical reactio ns arc affected by light. W hen 
particl es absorb lig ht energy, the en ergy can be u sed 
to break bo nds, overcoming the activatio n en ergy 
o f the reactions and causing a chemical reacti o n to 
occur faster (sec p. 105 ). Reactio ns which occur 
as a result o f the absorption o flight arc known as 
photochemic.'ll re:ictions. The absorpti o n o f lig ht 
in these reactio ns causes bo nds to break, p rodu cing 
reactive particles kn own as radicals. These radicals 
are resp onsible fo r many o f the ch emical reactio ns 
which h appen in the stratosphere (sec p. 22 1). 

Ozone depletion 
Ozone, 0 3 , is an impo rtant gas found in the 
stratosphere. It is important because it absorbs hi gh ­
energy ultraviolet radia tio n . If this radiatio n were 
to reach the surface of the Earth it would lead to an 
increase in skin can cers and oth er m edical problem s. 

In 1985 largc holes were discovered in the ozone 
layer over Antarctica, Australasia and Europe 
(Figure 7. 12 ). Scientists think that these h o les 
h ave partly been produ ced by ch emicals called 
chloroflu orocarbons or CFCs. C FCs were developed 
as refrigerants in frid ges back in th e 1950 s. They 
h a,'c also been used in air conditio ning system s, in 
aerosol cans (as propel lants) and in th e m anu facture 
o f expanded plastics su ch as po lystyren e. C FCs 
arc ver y unreactivc m o lecules. They escape into 
the atmosphere and , because o f their inertness, 
rem ain without further reaction until they reach th e 



Figure7.1 2 Diagramshov.ingthehole intheozonelayer 
overAnta11:tica 

stratosphere and th e ozone layer. l.n the stratosphere, 
the high -energy ultravio let radiation causes a 
chemical bond in the C FC molecule to break and a 
chlorine radi cal to split off from the C FC molecule . 
For example : 

C F2C l2 ~ C F2C l + C l 

This chlorine radical then reacts with the ozone, 
destroying it : 

Cl(g) + 0 3(g) - OCl(g) + 0 2(g) 

One of the worrying things about this process is 
that, although the above equati on indicates that 
the chlorine radical has also been destroyed , it has 
been found that it is then regenerated by a furth er 
reaction. It has consequently been found that a 
single chlorine radical is capable of destroying 
hundreds of th ousands of ozone molecules. 

This is not the only probkm with C FCs. They arc 
also significant 'greenhouse gases' (sec C hapter 13, 
p. 212). 

O zone depiction and greenhouse effects have 
become such serious problems that an international 
agreement, kn own as the Montreal Protocol on 
Substances that Deplete the O zone Layer, was 
agreed in 1987. 

Research is now going ahead, with some success, 
to produ ce safer alternatives to C FCs. At present, 
better alternatives, called hydrochloroflu orocarbons 
(H C FCs), have been developed. These have lower 
ozone depiction effects and arc not effective 
greenhouse gases. It is believed that if the 

Factors that affect the rate of a reaction 

agreements arc adh ered to then the ozone layer will 
recover by 2050. 

Pho tosynth esis is a very important reaction 
(C hapter 11 , p. 172) which occurs only when 
sunlight fall s on lea,,cs containing th e g reen pigme nt 
chlorophyll. The chlorophyll acts as a catalyst 
and the rate o f photosynthesis depends on th e 
intensity of the light. An oth er chemical reaction 
that takes place only in light is that which occurs in 
pho tographic film. This is a transparent plastic strip 
coated with emulsion: a layer o f gelatin throughout 
which arc spread many millions of tiny crystals o f 
silver halides, in particular, silver bromide (AgBr). 
The emulsion used is similar fo r both black-and -
white and colour film. 

When light hits a silver bromid e crystal, silver 
cations (Ag+) accept an electron (reduction ) from 
the bro mid e ions (Br- ), which arc ox idised . Hence, 
silver atoms and bro min e atoms arc produced in the 
emulsion. 

silver ion + electron ---> silver atom 
Ag+ + c- Ag 

The more light that fall s on the film , th e g reater th e 
am ount of silver deposited. Places where th e most 
silver is deposited are darkest when the negative is 
developed and li ghtest on th e pho tographic print. 

Quest ion 
1 Devise an experiment to show how sunlight affects 

the rate of format ion of silver from the silver salts silver 
chloride and silver bromide. 

Cata lysts 
O ver 9 0% of industri al processes use catalysts. A 
catalyst is a substance whi ch can alter the rate o f a 
reaction without being chemically changed itself. In 
the laboratory, the effect o f a catalyst can be observed 
using the decomposition of hydrogen peroxide as an 
example . 

hydrogen peroxide ---> water + oxygen 
2H20 2 (,q) - 2H,0(1) + 0 2(g) 

The rate o f decomposition at room temperature is 
very slow. 1l1erc arc substances , however, whi ch will 
speed up this reaction, one being mangancsc(1v) 
oxide . When black manganese(!\-') oxide powder 
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is ad ded to hydrogen perox ide solution, oxyge n is 
produced rapidly. The rate at whi ch this occurs can 
be fo ll owed by measuring the vo lume of oxygen gas 
produced with time. 

Som e sample results fro m experiments o f this typt: 
have been plotted in Figure 7. 13. At th e end of the 
reaction , th e mangancsc(rv) oxide can be filtered 
o ff and used again. The reacti on can proceed even 
fas ter by increasing the am o unt an d surface area of 
the catalyst . This is because the activity o f a catalyst 
involves its surface. N ote that , in gaseous reactio ns, 
if dirt o r impurities arc present o n the surface o f th e 
catalyst , it will n ot act as efficiently; it is said to have 
been 'poisoned' . Therefore, the gaseous reactants 
must be pure. 
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Figure 7.13 Sample data for differing amounts of Mn02 catalyst. 

C hemi sts h ave found that: 

• a sm all am o unt o f catalyst will produce a large 
am ount o f chemical ch ange 

• catalysts rem ain unch anged ch emically after a 
reactio n has taken place, b ut th ey can ch ange 
physically. For example, a finer m an gan ese(1v) 
oxide powder is left behind after th e decompositio n 
o f h yd rogen peroxide 

• catalysts arc specific to a particu lar chemical reactio n. 

Some exam ples o f chemical p rocesses and the 
catalysts used arc shown in Table 7 .1 . 

Table 7.1 Examplesofcatalysts. 

Process Catalyst 

Haber process - for the manufacture of ammonia Iron 

Contact process~ for the manufacture of sulfuric acid Vanadium(v) 
oxide 

Oxidation of ammonia to give nitric acid Platinum 

Hydrogenation of unsaturated oils to form fats in the Nickel 
manufacture of margarines 

A catalyst increases the rate o f a chemical reactio n by 
providing an alternative reaction path which has a 
lower activatio n energy. A catalyst d ocs no t increase the 
num ber of collisions between the reactant particles b ut 
only causes m ore o f the collisions to become successful 
collisions, so increasing the rate o f the reactio n. 

If the activatio n e nergy is lowered by using a 
catalyst then , on co lli sio n , m o re particles will go 
o n to p rod uce produ cts at a g iven tem perature 
(Fig ure 7. 14). 

without 
cat alyst 

,, L, -

progress of react ion 

Figure 7.14 Energyleveldiagramsho'Ningactivationenergy,withand 
withoutacataly,t. 

Catalytic converters 
European regulatio ns state th at all new cars have 
to be fitted with catalytic con ve rters as part o f their 
exh aust system (Fi g ure 7 .1 5). Car exhaust fum es 
contain pollutant gases such as carbo n m o noxide 
(CO) fo rmed fro m the incomplete com bustio n o f 
hyd rocarbo ns in the fuel, and nitrogen (u ) oxide 
(N O ) fo rmed by the reactio n o f nitrogen gas and 
oxygen gas fro m the air. The followin g reactio ns 
proceed o f their own accord but very slowly under 
the co nditio ns inside an exhaust . 

carbon m o n ox ide + oxygen ----,. carbon diox ide 
2CO(g) + o , (s) - 2CO, (g) 

nitrogcn(n) + carbon ----,. nitrogen + carbon 
ox id e m o n ox ide dioxide 

2NO(g) + 2CO(g) - N2(g) + 2C0 2(g) 

The catalyst in th e con verter speed s up th ese 
reactions consid erably. In these reactions, the 
pollutants arc converted to carbon dioxide and 
nitrogen , which arc naturally present in th e air. 
The rem oval o f oxides of nitrogen is important 
because they cause respiratory disease . They arc also 
in volved in the produ ctio n o f pho toch emical sm ogs 
(Figure 7. 16) which occur worldwide in m ajo r 
cities, especially in the summer. lt sh o uld be 



b Asectionthroughacatalyticconverter. 

Enzymes 

no ted , however, that the catalytic converter can 
only be used with unleaded petrol and that, due 
to impurities being deposited on the surface of the 
catalyst , it becomes po isoned and has to be replaced 
every five o r six years. 

Quest ions 
1 Using a catalysed reaction of your choice, devise an 

experiment to follow the progress of the reaction and 
determine how effective the catalyst is. 

2 Why do some people consider catalytic converters not 
to be as environmentally friendly as suggested in their 
advertising material? 

3 Unreacted hydrocarbons such as octane, C8H18 (from 
Figure 7.1 6 The haze is due to pollution caused mainly by cars v.ithout petrol), also form part of the exhaust gases. These gases 
catalyst exhaust systems. are oxidised in the converter to carbon dioxide and water 

vapour. Write an equation for the oxidation of octane. 

• Enzymes 
Enzymes arc protein molecules produced in living 
cells. They are catalysts which speed up hundreds of 
different chemical reactions going on inside living 
cells. These bio logical catalysts arc very specific in 
that each chemical reacti on has a different enzyme 

catalyst . There arc literally hundreds of different 
kinds of enzyme. En zymes all have an active site . 
The active site is a particular shape and locks into a 
corresponding shape in a reactant molecule . When 
this has happened , the enzyme can work to break up 
the reactant (Figure 7 .17). 
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Figure 7.17 Theenzymemolecules(red, pink, greenandblue)lock on 
exactly to a particular reactant molecule (yellow). Once the enzyme is 
locked on, the reactant molecule breaks up into pieces. 

For example, hydrogen peroxid e is produ ced within 
o ur bodies. H owever, it is cxtrcmdy damaging and 
must be decomposed very rapidly. C ata. lase is the 
enzym e which converts hyd rogen peroxide into 
harmless water and oxygen within our livers: 

hydrogen peroxide~ water + oxygen 

2H 20 2 (,q) ~ 2H,0(1) + 0 2 (s) 

Although many chemical catalysts can work under 
vario us co nditio ns o f tempera tun: and pressure as 
well as alkalinity or acidity, bio logical catalysts operate 
o nly under very particular conditi o ns. Fo r example, 
they operate over a very narrow tcmpcratun: range 
and if the temperature becomes too hi gh , th ey 
become ino perative. At temperatures above abo ut 
45 °C, they denature . This m eans that the specific 
shape o f the active site o f the enzym e m o lecule 
changes du e to the breaking o f bonds. This m eans 
that th e reactant m o lecules arc no longer able to fit 
into the active site . 

A hu ge multimilli o n-pound industry has grown 
up around th e use o f enzym es to produce new 
materials. Bio logical washing powders (Figure 7 .18 ) 
contain enzym es to break down stains such as sweat, 
blood and egg, and they do this at the relatively low 
temperature o f 40 °C . This reduces energy costs, 
because the washin g water docs not need to be 
heated as much. 

There were problems associated with the earl y 
biological washing powd ers . So m e custo m ers suffered 
fro m skin rashes, because they were allergic to th e 
enzym es (Figure 7 .19). This problem has been 
overcome to a certain extent by ad vising that extra 
rinsing is required. Also, many manufacturers have 
placed warnin gs on th eir packets , indicatin g that 
the powder contains enzym es which may cause skin 
rashes. 

Figure7.19 Anallergicreactiontoabiologicaldetergent. 

Other industrial processes also make use o f enzym es . 

• In th e manufacture o f baby foods, enzym es called 
pro teases arc used to ' pre-digest ' the protein part 
o f the baby foo d. This is because young babies a. re 
unable to digest protein m o lecules. 

• The enzyme isom erasc is used to convert glu cose 
syrup to fructose syrup. Fructose syrup is mu ch 
sweeter than glucose syrup and can be used as a 
sweetener in slimming foo ds as less is needed. 



• In the prod uction of yoghurt, milk is initially 
heated to 90 °C fo r 15- 30 minutes to kill any 
bacteria in the milk. After cooling to 4 0 °C, a 
starter culture of Lactobncillm bacteria is add ed 
and the mixture incubated at 40 °C fo r eight hours 
(Figure 7.20). The bacteria ferment the lactose 
in the milk to lactic acid, which causes the milk 
protein to become solid. 

• In cheese making, milk is initially heated to 
kill bacteria and th en cooled. A starter culture 
of Streptococcm bacteria is th en add ed, which 
coagulates the milk into curds and whey 
(Figure 7 .21 ). The curds arc put into steel or 
wooden drums and pressed and allowed to dry. 

Figure 7.20 Yoghurt is incubated in these tanks, and allowed to mature. 

Enzymes 

In industry, enzymes arc used to bring about 
reacti ons at no rmal temperatures and pressures that 
would o therwise require expensive conditions and 
equipment. Successful processes using enzymes need 
to ensure that: 

• the enzyme is able to function fo r long peri ods of 
time by optimising the environment 

• the enzyme is kept in place by trapping it on 
the surface of an inert solid (some processes 
immobilise the enzymes when th e process is 
complete) 

• continu ous processes occur rath er than batch 
processes . 

Questions 
1 When using biological washing powders what factors 

have to be taken into consideration? 
2 Enzymes in yeast are used in the fermentation of glucose. 

Why, when the temperature is raised to 45 °C, is very 
little ethanol actually produced compared with the 
amount formed at room temperature? 
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Check list 
After studying Chapter 7 you should know and understand the 
following terms. 

• Activation energy The excess energy that the reactants 
must acquire to permit the reaction to occur. 

• Catalyst A substance which alters the rate of a chemical 
reaction without itself being chemically changed. 

• Catalytic converter A device for converting dangerous 
exhaust gases from cars into less harmful emissions. For 
example, carbon monoxide gas is converted to carbon 
dioxide gas. 

• Enzymes Protein molecules produced in living cells. 
They act as biological catalysts and are specific to certain 
reactions. They operate only within narrow temperature and 
pH ranges. 
Reaction rate A measure of the change which happens 
during a reaction in a single unit of time. It may be affected 
by the following factors: 
• surface area of the reactants 
• concentration of the reactants 
• the temperature at which the reaction is carried out 

light 
• use of a catalyst. 



Q Chemical reactions 

• Additional questions 
1 Explain the fo llowing statem ents. 

a A car exhaust pipe will rust much faster if the car 
is in constant u se. 

b Vegetables cook faster when th ey arc cho pped 
up . 

c Industrial processes becom e m o re economically 
viable if a catalyst can be found fo r the reactio ns 
involved. 

d In fireworks it is usual fo r the ingredi ents to be 
powdered . 

e T om atoes ripen fas ter in a g reenho use . 
f The reacti o n between zinc and dilute 

hyd rochloric acid is slower than the reactio n 
between zinc and concentrated hyd rochl oric 
acid . 

2 A stud ent perfo rm ed two experiments to establish 
how effective man gan csc(rv) oxid e was as a catalyst 
for the decomposition o f hyd rogen peroxide . 
The results below were o btained by carrying out 
these experim ents with two different quantities 
o f mangancsc(1v) oxide. 1l1c volume o f the gas 
produced was recorded against time. 

118 133 146 

162 174 182 

a Draw a diagram o f the apparatus you could use 
to carry o ut th ese experimen ts. 

b Plo t a graph o f the results. 
c Is the mangancsc(rv) o xide acting as a catalyst in 

this reaction ? Explain your answer. 
d ( i) At which stage docs the reactio n proceed 

m ost quickly? 
(ii) H ow can you tell this fro m your g raph ? 
(iii)In term s o f parti cles, explain why th e 

reactio n is quickest at the po int you have 
chosen in (i) . 

e Why docs th e slo pe o f the graph become less 
steep as the reactio n proceeds? 

f What volume o f gas has been produced when 
usin g 0 .3 g o fmangancsc(1v) oxide after 50 s? 

g H ow long did it take fo r 60 cm 3 o f gas to be 
produ ced when th e experiment was carried o ut 
usin g O.S g o f the man gancsc(rv) ox ide? 

h Write a balanced chemical equatio n fo r the 
decompositio n o f hyd rogen peroxide. 

3 a Which o f th e following reactio n mixtures 
will produce hyd rogen m o re quickly at room 
temperature? 
(i) zinc g ranules+ dilute nitri c acid 
(ii) zinc powder + dilute nitric acid 

b Give an explanatio n o f your answer to a. 
c Suggest two o ther meth ods by which the speed 

of this reacti on can be altered. 

4 A flask containing dilute hydrochloric acid was 
placed o n a dig ital balance. An excess o flimcsto nc 
chippings was added to this acid , a plug o f cotto n 
wool was placed in th e neck o f th e fl ask and 
the initial m ass was recorded. The mass o f th e 
apparatus was recorded every two minutes. At 
the end o f the experiment the loss in mass o f the 
apparatus was calculated and the fo llowing results 
were o btained. 

Time/min 0 2 10 12 14 16 

Loss in mass/g O 2.1 3.0 3.1 3.6 3.8 4.0 4.0 4.0 

a Plo t the results o f the experiment. 
b Which o f the results would appear to be 

incorrect? Explain your answer. 
c Write a balanced chemical equatio n to represent 

the reactio n taking place. 
d Why did the mass o f the flask and its co nten ts 

decrease? 
e Why was the plug o f cotto n wool used ? 
f H ow docs th e rate o f reaction change during 

this reactio n? Explain this using particle theory. 
g H ow lo ng did the reactio n last? 
h H ow lo ng did it take fo r half o f the reactio n to 

occur? 

5 a What is a catalyst? 
b List the properties o f catalysts. 
c Name the catalyst used in the fo llowing 

processes: 
(i) the Contact process 
(ii) the Haber process 
(iii) the hyd rogenatio n o f unsaturated fats . 

d Which series o f m etallic elements in the Perio dic 
Table (p. 136) do the catalysts you have named 
in c belo ng to? 

e VVhat arc the conditi o ns used in the industrial 
processes named in c? The fo llowing references 
will help you: Chapters 11 , 12 and 14. 
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6 This questio n con cerns the reactio n o f coppcr(n ) 
carbonate with dilute hydrochlo ric acid. The 
equatio n for the reaction is: 

CuC0 3(s) + 2HCl(,q) - CuCl2(,q) + C0 2(,q) + H,0(1) 

a Sketch a graph to show the rate o f p roductio n 
of carbon dioxide when an excess o f dilute 
hydrochloric acid is add ed. The reaction lasts 
40 s and produces 60 cm 3 of gas. 

b Find on your g raph the part which shows: 
(i) where the reactio n is at its fastest 
(ii) when the reactio n has sto pped. 

c C alculate the mass o f coppcr(n ) carbo nate 
used to produce 60 cm 3 of carbon dioxid e . 
(Ar: C = 12; 0 = 16; Cu= 63.5. One mole of a 
gas occupies 24 dm 3 at roo m temperature and 
pressure (rtp ).) 

d Sketch a furth er graph using the same axes to 
show what happens to th e rate at which th e gas 
is produced if: 
(i) th e con centratio n o f the acid is d ecreased 
(ii) th e temperature is increased. 

7 Euro pean regulati ons state that a.11 new cars have 
to be fitted with catalytic con verters as part o f their 
exhaust system. 
a Why arc these regulati ons necessary? 
b W hich gases arc rem oved by catalyti c converters? 
c W hich m eta. ls arc o ften u sed as catalysts in 

catalytic con verters? 
d W hat d ocs the term ' po isoned ' m ean with 

respect to catalyst s? 
e The latest con verters will also rem ove unburnt 

pet rol. An equation fo r this type o frcactio n is: 

2c,H1.<s) + 210,(g) -14CO,(g) + 14H, O(g) 

(i) Calculate th e mass of carbon dioxid e 
p roduced b y 1.96 g o funburnt fuel. 

(ii) Con vert this mass o f carbo n dioxid e into a 
volume measured at rtp. 

(iii) If the average car produces 7.84 g o f 
unburnt fuel a day, calculate th e volume o f 
carbon diox ide prod uced b y the catalyti c 
con verter measured at rtp . (A,: H = l ; 
C = 12; 0 = 16. One m ole o f an y gas 
occupies 24dm 3 a.t rtp .) 

8 Suggest practical m ethods by which the rate 
o f reactio n can be investig ated in each o f the 
fo llo wing cases: 
a mag nesium reacting with hyd rochl o ric acid 
b nitrogen m onoxide reacting with oxygen. 



@ Acids, bases and salts 

Acids and alkalis 
Theories of acids and bases 
The relative st rengths of acids and bases 
Neutralising an acid 

Formation of salts 
Methods of preparing soluble salts 
Methods of preparing insoluble salts 
More about salts 
Testing for different salts 

• Acids and alkalis 
All the substances shown in Figure 8. 1 contain an acid 
o f o ne sort o r ano ther. Acids arc certainly all around 
us. What properties do these substances have which 
m ake you think that they arc acids or contain acids? 

Figure 8.1 What do all these foods have in common? 

The word acid m eans 'sour' and all acids possess this 
property. They arc also: 

• soluble in water 
• corrosive. 

Alk.-,Jis are very diftCren t fro m acids. They are the 
chemical 'opposite' o f acids. 

• They will n:m ove th e sharp taste fro m an acid . 
• They have a soa py fee l. 

Some commo n alkalin e substances are shown in 
Figure 8 .2. 

Crystal hydrates 
Calculation of water of crystallisation 

Solubility of salts in water 

Titration 

Checklist 

Additional questions 

Figure 8.2 Some common alkaline substances. 

It would be too dangerous to taste a liquid to find o ut if 
it was acidic. Chemists use substances called indic..'lto rs 
which change colo ur when they are added to acids 
or alkalis. Many indicators arc d yes which have been 
extracted fro m natural sources, for example litmus . 

Methyl orange, a commo n indicator used in 
titrations (sec p . 129) is pink in an acid solution but 
changes to show a yellow colo ur in an alkaline solutio n. 
Some other indicato rs arc shown in Table 8 .1 , alo ng 
with the colours they turn in acids and alkalis. 

Table 8.1 lndicatorsandtheircoloursinacidandalkalinesolution. 

Indicator Colour in acid Colour in alkaline 
solution solution 

Blue litmus Red Blue 

Methyl orange Pink Yellow 

Methyl red Red Yellow 

Phenolphthalein Colourless Pink 

Red litmus Red Blue 
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These indicators te ll chemists whether a substance 
is acid or alkaline (Figure 8 .3). To obtain an idea 
o f how acidic or alkaline a substance is, we use 
ano ther indicato r known as a universal indicato r . 
This indicator is a mixture of many o ther indicators. 
The colour shown by this indicator can be matched 
against a pH scale. The pH scak was developed by a 
Scandinavian chemist called S0rc n S0rcnson. The pH 
scale runs from below O to 14. A substance with a pH 
o f less than 7 is an acid. O ne with a pH of g reater than 
7 is alkaline. One with a pH of 7 is said to be neither 
acid nor alkaline, that is neutral. Water is the most 
comm on example o f a neutral substance. Figure 8 .4 
shows the universal indicato r colour range along with 
everyday substances with their particular pH va!LJes. 

orange juice, 
v inegar 
(ethanoic 
acid) 

a The pH scale. 

solution 

lime oven cleaner, 
d ilute sodium 
hydroxide 

bleach, 
washing 
soda.aqueous 

t oothpaste ammonia 

lmmmmm 
b Universal indicator in solution, showing the colour range. i e8.4 

Ano ther way in which th e pH o f a sLJbstance can be 
m easured is by using a pH meter (Fig ure 8 .5 ). The 
p H elect rode is placed into the solution and a pH 
reading is given o n the digital d isplay. 

,--11111111111-i• 

Figure 8.5 A digital pH meter. 

Theo ries of acids and bases 
There have been many attempts to define th e 
difference between acids and bases . The first real 
attempt took place in 1777, wh en the Frenchman 
Anto ine Lavoisier (Fig ure 8.6) suggested that acids 
were substances that contained oxygen. 

Figure 8.6 Antoine Lavoisier (1714-1794) at work in his laboratory. 



It was no t lo ng after this that the ' hyd ro-halic' acids 
(H C l, HBr, and so o n ) were discovered and they 
had no o xygen present in them . This p rodu ced a 
m o dified th eory in 18 10 when the English chemist 
Sir Humphry Davy (1778- 1829) suggested that all 
acids contain hyd rogen as the impo rtant clement; 
however, it was pointed o ut that there were many 
hyd rogen-containing substances that were no t acids. 
The G erman chemist Justu s van Liebig (Fig ure 8.7) 
then mad e the next useful proposal abo ut acids 
( 1838 ) when he suggested that acids were substances 
that can react with m etals to prod uce hyd rogen gas. 

Figure 8.7 Justusvon Liebig {1803--1873), who defined acids more closely. 

This theor y was fo llowed in 1884 by the first really 
comprehensive theory o f acids and bases, produced by 
the Swedish chemist Svante Arrhcnius ( 1859- 1927). 
H e suggested that since these acid solutio ns were 
elect rolytes (sec Chapter 5 ) their solutio ns contained 
many io ns. According to Arrhenius' theory, acids 
produ ce hyd rogen io ns (H+) when they dissolve in 
water, whereas bases prod L1cc hyd roxide io ns (OH- ). 

It was thus recognised that water plays an 
important part in the acidity o f a substance. This 
led to the suggestio n that the hyd rogen ion canno t 
exist alone in aqueous soluti o n. This was prompted 
by the fact that gaseous hyd rogen chl oride, H Cl(g), 
is no t acidic but when it dissolves in water an acidic 
so lutio n is p roduced. 

Acids and alkalis 

These ideas we re rather limiting since they only 
applied to aqueous solutions. There were situatio ns 
where acid- base reactio ns were taking place in 
solvents other than water, o r even in no solvent 
at all. This problem was addressed in 1923 by the 
Danish chemi st Jo hann es Br0nstcd (1879- 1947) 
and the En glish chemist Tho mas Lowry ( 1874-
1936) when they independently proposed a mo re 
general definitio n o f acids and bases, and the study 
o f acids and bases took a great step fo rward. This 
theory became known as the Br0nsted- Lowry 
theory o f acids and bases . 

The Br0nsted-Lowry t heory 

This theory defined: 

• an acid as an H + ion ( o r p roto n ) dono r 
• a base as an H + ion ( o r pro to n ) accepto r. 

The theory explains why a pure acid behaves 
differently fro m its aqueous solutio n , since for an 
acid to behave as an H + io n do no r it must have 
ano th er substance present to accept the H+ ion. So 
the water, in the aqueous acid solutio n , is beha,,in g 
as a Brnnsted-Lowry base and accepting an H + io n . 
G enerally: 

HA(,q) + H 2 0 (!) - H,O+(,q) + A-(,q) 
acid base 

If a substan ce can behave both as a Brnnsted­
Lowry acid and as a Brnnsted - Lowry base then it 
is called amphoteric. Water has this ability. As well 
as reacting with acids (above ) it can also react with 
Br0 nsted- Lowry bases such as amm o nia in th e 
fo llowing way to form the base OH- : 

NH3(,q) + H 20 (!) - NH; (, q) + OW(,q) 
base acid 

The reaction between hyd rogen chlo ride gas and 
ammo nia can be described as an acid- base reactio n 
under this theory. The hyd roge n chloride m o lecule 
acts as a pro to n do no r and th e amm onia m olecule 
acts as the proto n acceptor (Figure 8.8). 

HCl(g) + NH3(g) - NH;c1-(, ) 
acid base 
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Figure 8.8 The hydrogen chloride molecule (from concentrated 
hydrochloric acid) acts as a hydrogen ion donor. The ammonia molecule 
{from concentrated ammonia) acts as a hydrogen ion acceptor. 

The relative strengths of acids 
and bases 
The relative strength o f an acid is found by comparing 
one acid with ano ther. 1l1c strength o f any acid 
depends upon how m any m o k:cu lcs dissociate (o r 
ionise ) when tht: acid is dissolved in water. The 
relative strength o f a base is found by comparing o ne 
base with another and is again dependent upon the 
dissociation o f the base in aqu eous solutio n. 

Strong and weak acids 
A typical strong acid is hydrochloric acid. It is fo rmed 
by dissolving hydrogen chlo ride gas in water. In 
hyd rochloric acid the ions fo rm ed separate compk tdy. 

hydrogen chloride ~ hydrogen ions + chloride ions 

H Cl(g) 

For hyd rochloric acid all th e hyd rogen chlo ride 
mo lecules break up to fo rm H + io ns and c 1- ions. 
An y acid that behaves in this way is termed a s trong 
acid. Bo th sulforic acid and nitric acid also behave in 
this way and are therefore also termed stro ng acids. 
All these acids have a hig h concentration o f hyd rogen 
io ns in solutio n (H +(aq)) and have a low pH . Their 

solutio ns arc good condu ctors of electricity and they 
react q uickly with m etals, bases and m etal carbonates . 

When st rong acids are neu trali sed by strong alkalis 
the fo llowing reactio n takes place between hyd rogen 
io ns and hyd roxide io ns. 

A weak acid such as ethan oic acid, which is found in 
vinegar, produces few hyd rogen io ns when it dissolves 
in water com pared with a strong acid of the sam e 
concentratio n. It is only partially ionised . Its solutio n 
has a higher pH than a strong acid , but still less than 7. 

ethanoic acid ~ hyd rogen ions + ethanoate io ns 

W (,q) 

The ~ sign m eans that the reaction is reversible. 
This m eans that if the cthanoic acid m o lecule breaks 
down to g ive hyd rogen io ns and ethanoate io ns then 
they will react together to re -form the ethanoic acid 
m olecule. The fact that fewer ethano ic acid m o lecules 
dissociate com pared with a st rong acid, and that the 
reaction is reversible, means that few hyd rogen ions 
are present in the solutio n. O ther examples o f weak 
acids arc citric acid , found in oranges and lem o ns, 
carbonic acid, found in soft drinks, sulforous acid 
(acid rain ) (Figu re 8.9) and ascorb ic acid (vitamin C ). 

Figure 8.9 Sulfurousacidisfoundinacidrain.ltisaweakacidand 
is oxidised to sulfuric acid (a strong acid). Acid rain damages the 
environment quite badly. 



So lutio ns o f weak acids arc poorer conducto rs o f 
electricity and have slower reacti ons with metals, 
bases and metal carbonates . 

All acids when in aqueous solutio n prod uce 
hydrogen io ns, H+(aq ). T o say an acid is a st rong 
acid docs no t m ean it is concentrated. The strength 
of an acid tells you how easily it dissociates (io nises) 
to produce hyd rogen io ns. The concentrat ion of 
an acid indicates the propo rtio ns o f water and acid 
present in aqueous soluti o n. It is important to 
emphasise that a strong acid is still a st rong acid 
even when it is in dilute soluti on and a weak acid is 
still a weak acid even ifit is concentrated. 

St rong and weak bases 
An alkali is a base which produces hydroxide ions, 
OH-(aq), when dissolved in water. Sodium hydroxide 
is a strong alk.1li because when it dissolves in water its 
lattice breaks up completely to produce ions. 

sodium hydroxide ~ sodium ions + hydroxide ions 

N,OH(,) ~ No'(, q) + OH-(,q) 

These substances which arc strong alkalis produce 
large quantities o f hyd roxide io ns and have a hig h 
pH. Other common strong soluble bases include 
po tassium hyd roxide. 

A weak alkali , such as amm onia, produces fewer 
hyd roxide io ns when it dissolves in water than a 
stro ng soluble base o f the same concentratio n. It 
is only partially io nised. It has a lower pH than a 
st rong base, but still above 7 . 

ammonia + ,vater ~ ammonium ions + hydroxide ions 

The ammo nia m o lecules react with the water 
mo lecules to form ammo nium io ns and hydroxide 
io ns. H owever, fewer amm onia m o lecules do this 
so o nly a lo w concentratio n o f hyd roxide io ns is 
produced. 

Neut ralising an acid 
A comm on situation involving neutralisatio n o f 
an acid is when you suffer fro m indigesti o n. This 
is caused by a build -up o f acid in your sto mach. 
Normally you treat it by taking an indigestio n remedy 
containing a substance which will react with and 
neutralise the acid. 

Acids and alkalis 

In th e laboratory, if you wish to neutralise a 
comm on acid such as hyd rochloric acid you can use 
an alkali such as sod ium hydroxide. If the pH o f the 
acid is measured as som e sodium hyd roxide solution is 
add ed to it, the pH increases . If equ al volumes o f the 
same concentratio n o f hyd rochlo ric acid and sodium 
hyd roxide arc added to one ano ther, the resulting 
soluti on is found to have a pH o f 7. The acid has been 
neutralised and a neutral solutio n has been fo rm ed . 

hydrochloric + sodium 
acid hydroxide 

H Cl(aq ) + NaOH(aq ) 

sodium + 
chloride 
NaCl(aq ) + H 20 (t) 

As we have shown , when bo th hyd rochlo ri c acid and 
sodium hyd roxide disso lve in water the io ns separate 
completely. We may th erefore write: 

You will no tice that certain io ns arc unchanged o n 
either side o f th e equatio n. They arc called spectator 
ions and arc usually taken o ut of th e equatio n . The 
equ ation now becom es: 

H' (,q) + OW(,q) - H20 (I) 

This type o f eqmtio n is kn own as an ionic equation. 
The reaction between any acid and alkali in aqueous 
solutio n can be summarised by this io nic equatio n. It 
shows the ion which causes acidity (H +(aq )) reacting 
with the io n which causes alkalini ty (OH-(aq )) to 
produce neutral water (H 20 (1) ). 

Questions 
1 Complete the following equations: 

a CH3COOH + NaOH ---> 
b H1S04 + KOH ----> 

c NH3 + HBr ---> 
In each case name the acid and the base. Also in parts 
a and b write the ionic equation for the reactions. 

2 Explain the terms 'concentration' and 'strength' as applied 
to acids. 

3 Explain what part water plays in the acidity of a solution . 
4 Alongside the names of various chemicals below are shown 

their respective pH values in aqueous solution. 
potassium hydroxide pH 13 
hydrogen bromide pH 2 
calcium hydroxide pH 11 
sodium chloride pH 7 
hydrogen chloride pH 2 
magnesium hydroxide pH 1 O 
citric acid pH4 
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Which of the substances is/are: 
a a strong acid? 
b aweakacid? 
c astrongalkali? 
d aweakalkali? 
e a neutral substance? 
In each case write a chemical equation to show the 
molecules/ions present in solution. 

5 a Write a chemical equation to represent the neutralisation 
of sulfuric acid by sodium hydroxide. 

b Reduce this to an ionic equation. 
c Account for any difference you see between the ionic 

equation you have written and the one shO\rVn on p. 121 
for the reaction of hydrochloric acid and sodium hydroxide. 

• Formation of salts 
In the example on p. 12 1, sodium chloride was 
produced as part o f the neutralisation reaction. 
Com pounds formed in this way arc known as no nnal 
salts. A no rmal salt is a compound that has been formed 
when all the hyd rogen io ns o f an acid have been replaced 
by metal ions or by the ammonium ion (NH/). 

Norm al salts can be classified as those which arc 
soluble in water or those which arc insoluble in water. 
The followin g salts are soluble in cold water: 

• all nitrates 
• all common sodium, potassium and ammonium salts 
• all chlorides except lead , silver and m ercury 
• all sulfatcs except lead , barium and calcium. 

Salts arc very uscfol substances, as you can sec fro m 
Table 8.2 and Fig ure 8 .1 0 . 

Table 8.2 Useful salts. 

Salt u .. 
Ammonium chloride In torch batteries 

Ammoniumnitrate lnfertilisers 

Calcium carbonate Extraction of iron. making cement, glas.s making 

Calcium chloride lntheextractionof sodium,dryingagent 
(anhydrous) 

Calcium sulfate For making plaster boards, plaster casts for 
injured limbs 

lron(1)sulfate In 'iron'tablets 

Magnesiumsulfate lnmedicines 

Potassium nitrate lnfertiliserandexplosivesmanufacture 

Silver bromide In film photography 

Sodium carbonate Glass making, softening water, making modern 
washing powders 

Sodium chloride Making hydrochloric acid, for food flavouring, 
hospital saline, in the Solvay process for the 
manufacture of sodium carbonate 

Sodium stearate In some soaps 

Tin(11) fluoride Additive to toothpaste 

a Silverbromideisusedin photography. 

b lron(1)sulfateistheiron-containingsubstanceintheseironand 
multivitamin tablets. 
FigureB.10 Someusesofsalts. 

If the acid being neutralised is hyd rochloric acid , 
salts called chlo rides arc fo rmed . Other types o f salts 
can be fo rmed with o ther acids. A summary o f the 
diff"crcnt types of salt alo ng with the acid they have 
bee n fo rmed fro m is shown in Table 8 .3 . 

Table 8.3 Typesofs.altandtheacidstheyareformedfrom. 

Acid Type of salt Example 

Carbonic acid Carbonates Sodium carbonate (Na2C03) 

Ethanoicacid Ethanoates Sodium ethanoate (CH3COONa) 

Hydrochloric acid Chlorides Potassiumchloride(KCI) 

Nitric acid Nitrates Potassiumnitrate(KN03) 

Sulfuricacid Sulfates Sodium sulfate (Na2S0.J 



Methods of preparing soluble salts 
There arc four general metho ds o f preparing soluble 
salts: 

Acid + metal 
This method can o nly be used with the less reactive 
m etals. It would be very dangerous to use a reactive 
m etal such as sodium in this type o f reactio n. The 
m etals usually used in this m etho d of salt preparatio n 
arc the MAZIT m etals, that is, m agnesium, 
aluminium, zinc, iron and tin . A typi cal experimental 
m ethod is given below. 

Excess magnesium ribbon is added to dilute nitric 
acid. During this addition an cftCrvcsccncc is o bserved 
du e to the productio n o f hyd rogen gas. ln this reactio n 
the hyd rogen io ns fro m the nitric acid gain electro ns 
from the metal atoms as the reaction proceeds. 

hyd rogen io ns + elect ro ns ---+ hyd rogen gas 
( fro m m etal) 

2H' + 2c- H2(g) 

H ow would you test the gas to show that it was 
hydrogcn 1 What would be the name and fo rmula o f the 
compound produced during the test you suggested? 

magnesium + nitric ----, magnesium + hydrogen 
acid nitrate 

Figure 8.11 The excess magnesium is fi ltered in this way. 

Formation of salts 

The excess magnesium is rem oved by filtrati o n 
(Figure 8. 11 ). 

The magnesium nitrate solutio n is evapo rated 
slowly to form a saturated solutio n o f th e salt 
(Figure 8. 12 ). 

The hot co ncentrated magnesium nitrate solutio n 
produced is tested by dippin g a cold g lass rod into it. 
lf salt crystals fo rm at the end o f th e rod the so lutio n 
is ready to crystallise and is left to cool. Any crystals 
produced o n cooling arc filtered and dri ed between 
clean tissues. 

FigureB.12 Thesolutionofmagnesiumnitrateisconcentratedby 
slow evaporation. 

Acid + carbonate 
This m ethod can be used with any metal carbonate 
and any acid , providing th e salt prod uced is soluble. 
The typical experimental procedure is similar to that 
carried o ut fo r an acid and a m etal. Fo r example, 
coppcr(n ) carbo nate would be add ed in excess to 
dilute nitric acid . Effervescence would be o bserved 
due to the produ cti o n o f carbon di oxide . 

H ow would you test the gas to show it was carbon 
dioxid e? Write an equatio n to help you explain what 
is happening during the test you have chosen. 

coppcr(n) + nitric 

carlxmate acid 

---> coppcr(n) + carbon + water 

niu:ne dioxide 
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Metal carbo nates contain carbo nate io ns, CO / - . 
In this reactio n the carbonate io ns react with the 
hydrogen ions in th e acid . 

carbonate + hyd rogen----> carbo n + water 
ions ions di oxide 

c o ,'-(,q) + 2W(,q) - CO,(g) + H,O(i) 

Acid + alka li (so lu ble base) 
This method is generally used fo r pre paring the 
salts o f ver y reactive metals, such as po tassium o r 
sodium. It wo uld certainl y be too dangerous to 
add the m etal directly to th e acid. In this case, we 
solve th e problem indirectly and use an alkali which 
contains th e particular reactive m etal whose salt we 
wish to prepare. 

Metal oxides arc basic. J'vktal oxides and 
hydroxides that dissolve in water to produ ce OH-(aq) 
io ns arc kn own as alkalis , or soluble bases. If the 
metal oxide or hyd rox id t: docs no t dissolve in water it 
is known as an inso luble base. 

A base is a substance which neutralises an acid , 
producing a salt and water as th e only produ cts. If 
the base is soluble th e term alkali can be used, but 
there arc several bases whi ch arc insolublc. It is also a 
substance which accepts a hyd rogen ion (sec p. 11 9 ). 
In general, most metal oxides and hyd rox ides 
(as well as ammonia solutio n) arc bases . Some 
examples of soluble and insoluble bases arc shown in 
Table 8.4 . Salts can be fo rmed by this method only if 
the base is solu bk. 

Table 8.4 Examples of soluble and insoluble bases. 

Soluble bases(alka lis) Insoluble bases 

Sodium hydroxide (NaOH) lron(11)oxide(Fe20Jl 

Potassium hydroxide {KOH) Copper(11) oxide (CuO) 

Calcium hydroxide (Ca(OH)i) Lead{1)oxide (Pb0) 

Ammonia solut ion {NH3{aq)) Magnesiumoxide(MgO) 

Because in this neutralisation reaction bo th 
reactants arc in solution , a special technique call ed 
titration is required. Acid is slowly and carefully 
added to a measured volume of alkali using a 
burcttc (Figure 8 .1 3) until the indicator, usually 
phenolphthalein, changes co lour. 

An indicato r is used to show when the alkali has 
been neutralised completely by th e acid. This is called 
the end-point. Once you know where th e end -
point is, you can add th e same volume of acid to the 
measured volume of alkali but this time without the 
indicator. 

Figure 8.13 The acid is added to the alkali until the indicator just 
changes colour. 

The solution which is produced can then be 
evaporated slowly to obtain the salt. For example, 

hydrochloric + sodium ---+ sodium + water 
acid hyd roxide chloride 

H Cl(,q) + N,OH(,q) - N,Cl(,q) + H20 (!) 

As previously discussed on p. 11 6, this reaction can 
best be described by the ionic equ ation: 

W (,q) + OH-(,q) - H20 (1) 

Acid + in so lu ble base 
This method can be used to prepare a salt o f an 
unrcactivc metal , such as lead o r copper. In th ese 
cases it is no t possible to use a direct reacti on of the 
metal with an acid so the acid is neutralised using th e 
particular metal oxide (Figu re 8 .14 ). 

FigureB .14 Citric acid has been usedontheright-handsideofthispiece 
of copper metal to remove the oxide coating on its surface, giving it a 
shinier appearance. 



The method is generally the same as that for a 
metal carbonate and an acid , though some warming 
of the reactants may be necessary. An exam ple of 
such a reaction is the neutralisation of sulfuric acid 
by coppcr(11 ) oxide to produ ce coppcr(n) sulfa tc 
(Figure 8 .1 5 ). 

sulfuri c + coppcr(n) 
acid oxide 

H 2S04(aq ) + CuO (s) 

coppcr(11 ) + water 
sulfa te 

CuS04(,q) + H20 (!) 

Metal ox.ides contain the oxide ion, 0 2- The ioni c 
equati on for this reaction is therefore: 

2W (,q) + 0 2-(s) - H20 (!) 

CuO(s) + 2W (,q) - Cu2+(,q) + H20 (!) 

Methods of preparing insoluble salts 
The methods described above can be used to 
make a soluble sa lt , one th at is soluble in wa ter. 
If a sa lt th at is in solu ble in wa ter needs to be 
prepared , a different technique is needed . Before 
we d escribe the technique, it is first necessar y 
to learn which sa lts arc so luble and which arc 
inso luble . This ca n be done using th e fo llowing 
ru les o f solubili ty: 

• All nitrates arc solub le in water. 
• All chlorides, bromides and iodides arc soluble in 

water, except those oflead and silver. 
• All sul fa tes arc soluble in water except barium , 

calcium and lead sul fa tcs. 

Formation of salts 

• All po tassium, ammonium and sod ium salts arc 
soluble in water. 

• Al l carbonates arc insoluble, except those of 
po tassium, ammonium and sodium. 

An insoluble salt, such as barium sulfatc, can be 
made by precipitation. In this case, solutions of th e 
two chosen soluble salts arc mixed (Figure 8. 16). 
To produ ce barium sulfa tc, barium chloride and 
sodium sulfatc can be used . The barium sulfatc 
precipitate can be filtered off, washed with distilled 
water and dried. The reaction that has occurred is: 

+ sodium ---+ barium + sodium 
sulfatc sulfatc chloride 

+ Na2S04(,q) - B,S0 4(s) + 2NaCl(,q) 

Figure 8.16 When barium chloride solution is added to sodium 
sulfate a white precipitate of barium sulfate forms. 

The ionic equ ation fo r this reaction is: 

This method is sometimes known as do uble 
decomposition and may be summari sed as follows: 

soluble salt + soluble salt _,. insoluble salt + soluble salt 

(AX ) (BY) (BX) (AY) 

It sho uld be no ted that even salts like barium sulfa tc 
dissolve to a ver y small extent. For example, l litre 
o f water will dissolve 2.2 x I0-3 g of barium sulfatc 
at 25 °C. This substance and substances like it arc 
said to be sparingly soluble . 
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More about sa lts 
You have already seen on p. 122 in Tabk 8.2 that 
salts arc useful substances. Some o f the salts shown in 
that table occur naturally and arc mined , fo r example 
calcium sulfatc (gypsum) and calcium carbonate 
(limesto ne). Many o f the others must be made by the 
chemical industry, fo r exampl e ammonium nitrate, 
iron(n ) sulfatc and silver b romide. 

With acids such as sulforic acid, which has two 
replaceable hyd rogen ions per m o lecule , it is 
possible to replace o nly one of these with a metal 
io n. The salt produced is called an acid salt. An 
acid salt is one in whi ch not all of th e replaceable 
hyd rogen ions o f the acid have been replaced by 
metal io ns o r the ammo nium io n. So m e examples o f 
acid salts arc shown in Table 8.5. 

Tables 5 Examples of acid salts 

Acid Type of acid salt Example 

Carbonic acid Hydrogeoc:arbonate Sodium hydrogencarbonate 
(H2CO~ (NaHC01) 

Sulfuricacid Hydrogensulfate Potassium hydrogensulfate 
(H2SO.J (KHS04) 

Sodium hyd rogcncarbonatc is the acid salt used as 
the raising agent in the baking o f cakes and som e 
bread , and is o ften called baking soda (Fig ure 8.17). 

Figure 8.1 7 Sodium hydrogencarbonate is used as a raising agent in 
bread and muffins. 

Testing for different sa lts 
Som etimes we want to analyse a salt and find o ut 
what is in it. There arc simple chemical tests which 
all ow us to identify the anio n part o f the salt. These 
arc o ften called spot tests. 

Testing fo r a su lfat e (So/-) 
Yo u have seen that barium sulfatc is an insoluble 
salt (p . 125 ). Therefore, if you take a solutio n o f a 
suspected sulfatc and add it to a solutio n o f a soluble 
barium salt (such as barium chl orid e ) then a white 
precipitate o f barium sulfatc will be produced. 

barium io n + sulfatc io n ---,. barium sulfatc 
Ba2+(aq) + so/ -(aq) BaS 0 4(s) 

A fi:w d rops of dilute hydrochloric acid arc also added to 
this mixture. If the precipitate docs not dissolve, then it is 
barium sulfatc and the unknown salt was in fact a sulfatc. 
lfthc precipitate docs dissolve, then the unknown salt 
may have been a sulfitc ( containing the so/- io n). 

Testi ng fo r a ch loride (Cl- ). a brom ide (B r- ) 
or an iod ide (I - ) 

Earli er in this chapter you saw that silver chlo ride is 
an insoluble salt (p . 12 5) . Therefore, if you take a 
solutio n o f a suspected chl oride and add to it a small 
volume o f dilute nitric acid , to make an aqueous 
acidic solution, fo llowed by a small am o unt o f a 
solutio n o f a soluble silver salt (such as silver nitrate ), 
a white precipitate o f silver chloride will be p rodu ced. 

chloride io n + silver io n ---,. silver chlorid e 
CJ-(,q) + Ag+(,q) AgCl(s) 

If left to stand , the precipitate goes grey (Figure 8 .1 8 ). 

Figure 8.18 If left to stand the white precipitate of silver chloride goes 
grey. Thisphotochemicalchangeplaysanessentialpart inblackand 
white photography. 



In a similar way, a bromi de and an iodid e will react to 
produce either a cream precipitate o f silver bromid e 
(AgB r) or a yellow precipitate of silver iodide (Agl ) 
(Figure 8 .1 9 ). 

I 
Figure 8.19 AgCI, a white precipitate, AgBr, a cream precipitate, and 
Agl,ayellowprecipitate. 

An altern ative test fo r iodid e ions is the add ition of 
kad nitrate solution to the iodide which results in a 
bright yellow precipitate o f lead iod ide, Pbl 2 . 

Testing for a carbonate 
If a small amount of an acid is added to some of the 
suspected carbonate (either so lid o r in so lution ) then 
effervescence occurs. ! f it is a carbonate then carbon 
di oxide gas is produced, which will turn limcwater 
' milky' (a cloudy white precipitate o f calcium 
carbonate fo rms, sec Chapter I 3, p. 21 5 ). 

carbonate + hydrogen --,. carbon + water 
ions ions dioxide 

co,'-(,q ) + 2W(,q) - CO,(g) + H, O (i) 

Testing for a nitrate 
By using Dcvard a's alloy (45%Al, 5% Zn, 50% Cu ) 
in alkaline solution , nitrates arc reduced to ammonia. 
The ammonia can be identified using damp indicator 
paper, which turns blue. 

In the reacti on the nitrate ion is redu ced, as oxygen 
is removed fro m the nitrogen atom , and it gains 
hydrogen to fo rm ammonia , NH 3 . The gain of 
hydrogen is also a definitio n of redu ction. 

Crystal hydrates 

Questions 
1 Complete the word equations and write balanced chemical 

equations for the following soluble salt preparations: 
a magnesium + sulfuric acid -> 
b calcium carbonate + hydrochloric acid _,. 
c zinc oxide + hydrochloric acid _,. 
d potassium hydroxide + nitric acid _,. 
Also write ionic equations for each of the reactions. 

2 Lead carbonate and lead iodide are insoluble. Which two 
soluble salts could you use in the preparation of each 
substance?Write 
a a word equation 
b a symbol equation 
c an ionic equation 
to represent the reactions taking place. 

3 An analyt ical chemist working for an environmental health 
organisation has been given a sample of water which 
is thought to have been contaminated by a sulfate, a 
carbonate and a chloride. 
a Describe how she could confirm the presence of these 

three types of salt by simple chemical tests. 
b Write ionic equations to help you explain what is 

happening during the testing process. 

• Crystal hydrates 
Some salts, such as sodium chlo ride, copper 
carbonate and sodium nitrate, crystallise in th eir 
anh ydrous fo rms (without water) . H owever, many 
salts produ ce hydrates when th ey crystallise from 
solution . A hydrate is a salt which incorporates 
water into its crystal structure. This water is referred 
to as water of crysta llisation. The shape of the 
crystal hydrate is very mu ch dependent on the 
presence of water of crystallisation. Some cxampks 
of crystal hydrates arc given in Table 8 .6 and shown 
in Figure 8 .20. 

Table 8.6 Examplesofcrystalhydrates. 

Salt hydrate Formula 

Cobalt{11) chloridehexahydrate 

Copper(11) sulfate pentahydrate 

lron(1)sulfate heptahydrate 

Magnesiumsulfateheptahydrate 

Sodiumcarbonatedecahydrate 

Sodium hydrogensulfate monohydrate 

Sodiumsulfatedecahydrate Na,504. lOH,o 
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Figure 8.20 Hydrate crystals (left to right): cobalt nitrate, calc ium nit rate 
and nickel sulfate (lop) and manganese sulfate, copper sulfate and 
chromium potassium sulfate (bottom). 

\.Yhcn many hydrates arc heated the water o f 
crystallisation is driven away. For example, if crystals o f 
coppcr(n) sulfatc hydrate (blue) arc heated strongly, 
they lose their water of crystallisation. Anhydrous 
coppcr(n) sulfatc remains as a white powder: 

copper(n) sulfate -----> anhydrous copper(n ) + water 
p entahydrate sulfatc 

CuS04.SH20 (s) -----> CuS04(s) + SH20 (g) 

\¥ hen water is added to anhyd rous coppcr(n) sulfatc 
the reverse process occu rs. It turns blue and the 
pcntahydratc is produced (Figure 8.21 ). This is an 
extremely cxothnmic process. 

CuS0 4( , ) + 5H20 (1) - CuS0 4.5H20 (, ) 

Figure 8.21 Anhydrous copper(•) sulfate is a white powder which turns 
blue when water is added to it. 

Becau se the colo ur chan ge o nly takes place in the 
pn:sence o f water, the reactio n is used to test fo r th e 
presence o f water. 

These processes g ive a simple example o f a 
reversible reactio n: 

CuS0 4 ( , ) + 5H20 (1) c,=' CuS0 4 .5H20 (, ) 

Some crystal hydrates effloresce, that is they lose some 
or all o f their water of crystallisatio n to the atmosphere. 
For example, when colourless sodium carbonate 
decahydrate crystals arc left out in the air they become 
coated with a white powder, which is the monohydratc 
(Figure 8.22). 1l1e process is called efflorescence. 

N, 2C0 3.10H20 (, ) - N,2C0 3.H20 (, ) + 9H20 (g) 

• • Figure 8.22 A white powder forms on the surface of sodium carbonate 
decahydratewhenit isleftinthe air. 

\Vith som e substances, no t necessarily salt hydrates, 
the reverse o f effio rcscencc occurs. For example, 
if anhyd rous calcium chl o rid e is left in the air, 
it absorbs water vapour and eventually fo rm s a 
very concentrated solutio n. This process is called 
deliquescence, and substances which behave like this 
arc said to be deliquescent. So lid sodium hydroxide 
will deliqu esce . 

There are some substances which , ifl eft out in 
the atmosphere, absorb m o isture but do no t change 
their state. Fo r example, concentrated sulfuri c acid , a 
colo urless, viscous liquid, absorbs water vapo ur from 
the air and becomes a soluti o n. Substances whi ch do 
this arc said to be hygroscopic. 

Calculation of water of crystallisation 
So metimes it is necessary to work o ut th e 
percentage, by mass, o f water o f crystallisatio n in a 
hydrated salt. The m ethod is the same as that used in 
C hapter 4 , p . 65 , but this tim e the ' H 2 0 ' is treated 
as an clement in the calculatio n. 



Examp le 
C alculate the percentage by mass of water in the 
salt hydrate MgS0 4 .7 H 20. (A r: H = l ; 0 = 16; 
Mg ~ 24; s~ 32) 

M, for MgS04 .7H 20 
~24+ 32 + (4 x 16) + (7 x 18) 
~ 246 

The mass of water as a fraction of the to tal mass of 
hydrate 

126 

246 

The percentage of water pn:sent 

~ 126 
X 100 

246 
~ 51.2% 

Questions 
1 Calculate the percentage by mass of water in the 

following salt hydrates: 
a CuS04.SHp 
b Na2C03 .lOH20 
c Na2S203.SH20. 
(A,: H = 1; 0 = 16; Na = 23; S = 32; Cu = 63.5) 

2 Devise an experiment to determine the percentage of 
water of crystallisation present in a salt hydrate of your 
choice . 

• Solubility of salts 
in water 

Water is a very good solvent and will dissolve a 
whole range of solutes, including sodium chloride 
and copper(n) sulfate, as well as oth er substances 
such as sugar. You can dissolve more sugar than 
sodium chloride in l 00 cm 3 of water at the same 
temperature. The sugar is said to be more soluble 
than the sodium chlo ride at the same temperature. 
We say that the sugar has a greater solubility than 
the sodium chloride . The solubility o f a so lute 
in water at a g iven temperature is the num ber of 
gram s of that solute which can be dissolved in l 00 g 
of water to produce a saturated solution at that 
temperatun: . 

Titration 

• Titration 
On p. 124 you saw that it was possible to prepare a 
soluble salt by reacting an acid with a soluble base 
(alkali ). The method used was that o f titration . 
Titration can also be used to find the concentration 
of the alkali used. In the laboratory, the titration of 
hydrochlo ric acid with sodium hydroxide is carried 
out in the fo llowing way. 

1 25 cm 3 of sodium hydroxide solution is pipetted 
into a conical flask to which a few drops of 
phenolphthalein indicator have been add ed 
(Figure 8 .23). Pheno lphthalein is pink in alkaline 
conditions but colourless in acid. 

Figure8.23 Exactly25.0cm3of sodium hydroxide solut ion is pipetted 
into a conical flask. 
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2 A 0. 10 mol dm-3 solution of hydrochloric acid is 
pl aced in th e burettc using a filter fimnd until it is 
fill ed up exactly to tht: zero mark (Figure 8 .24). 

dilut e 
hydrochloric 
acid 

burette 

Note: remove filter 
f unnel before titrating 

Figure 8.24 The burette is filled up to the zero mark with a O.lOmoldm- 1 

5olutkmofhydrochloricacid. 

3 The filter fimncl is now rem oved. 

4 The hyd rochloric acid is add ed to the sodium 
hydrox ide solution in small quantities - usually no 
more than 0 .5 cm3 at a time (Figun: 8 .25 ). The 
contents of the fl ask must be swirled after each 
;1ddition of acid fo r thorough mixing. 

5 The acid is added until th e alkali has been 
neutralised completely. This is shown by the pink 
colo ur of the ind icato r just d isa ppearing. 

Figure 8.25 The tit ration is carried out accurately. 

6 The final reading on the burettc at the end -po int 
is recorded and furth er ti tra. tio ns carried out until 
consistent results arc o btained (within 0 .1 cm 3 o f 
each o ther). Som e sam ple data arc shown below. 

Volume o f sodium hyd roxide solutio n 
= 25 .0 cm 3 

Average volume o fO. l Om oldm-3 solutio n of 
hyd rochlo ri c acid add ed 
= 2 1.0cm 3 

The neutralisatio n reactio n which has taken place is: 

hyd rochloric + sodium ---+ sodium + water 
acid hydroxide chloride 

H Cl(,q) + N,OH (,q ) - N,Cl(,q) + H20 (1) 

From this equatio n it can be seen that 1 mok o f 
hyd rochl oric acid neutralises l m ole o f sodium 
hyd roxid e. 



N ow yo ll can work out the num ber of moles of 
the acid using the fo rmula given in Chapter 4 , p. 63. 

moles = volllme x concentration 
1000 

~ 2 1.0 X __ll_:l_[)_ 
1000 

= 2. 1 X 10-3 

number of moles 
of hydrochloric acid 

num ber of moles 
of sodium hydroxide 

Therefo re, the number of moles of sodium 
hydroxide 
= 2. 1 X 10-3 

2 .1 x 10-3 moles of sodium hydroxide is present in 
2 5.0cm3 of solution. 

Therefo re, in 1 cm3 of sodium hydroxide solution we 
have 
2 .1 X 10-3 

---moles 
25.0 

Therefo re, in 1 litre of sodium hydroxide solution 
we have 
2 1 X 10-3 
_ · ___ x 1000 = 0.084 mole 

25 .0 

The concentration of sodium hydrox ide solution is 
0.084 moldm-3. 

You can simplify th e calculati on by substituting in 
the fo ll owing mathemati cal equ ation: 

where: 

M1 V1 = M2 V2 

Macid Malkali 

M 1 = concentration of the acid used 
V1 = volllme of acid used (cm3 ) 

Macid = num ber of moles of acid shown in the 
chemical eq uation 

M2 = concentration of the alkali used 
V2 = volume of the alkali used (cm3 ) 

Mallcali = number of moles of alkali shown in the 
chemical equation. 

In the example: 
M 1 = O. lOmoldm-3 

V1 = 2 1.0cm3 

Macid =l mole 
M2 =unknown 
V2 = 25.0cm3 

Ma1kat; =l mole 

Substituting in the equation: 
0 .1 0 x 2 1. 0 = M2 x 25 .0 

1 1 
Rearranging: 

M _ 0. 10 x 2 1.0 x l 
l - 1 X 25.Q 

M2 ~ 0.084 

Titration 

The concentration of the sodium hydroxide solution 
is 0.084 moldm-3. 
Another example of a titration calculation could 
involve a nelltralisation reaction in which the ratio 
of the number of mo les of acid to alkali is not 1 : 1. 
The exam ple below shows how such a calculation 
could be carried out. 

Examp le 
In a titration to find the concentration of a solution 
of sulfuric acid, 2 5 cm3 of it were just neutralised 
by 20.1 5cm3 of a 0 .2 moldm-3 solution of sodium 
hydroxide. What is th e concentrati on of th e sulforic 
acid used ? 

First, write out the balanced chemical equation fo r 
the reaction taking place. 

sulfuric acid + sodium hydroxide ----> sodium sulfate + water 

H2S0 1. + 2NaOH Na2S0 .._ + 2 H20 

From this balanced equation it can be seen that 
1 mole of sulforic acid reacts with 2 moles of sodium 
hydroxide. 
Therefore, the nllmber of moles of sodium 
hydroxide used 

= 20 .1 5 X ___2.2_ = 4.03 X 10-3 
1000 
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The number of moles of sulforic acid which will react 
with 4.03 x 10-3 m o les o f sodium hydroxide 

=4.03 X 10-J X _!_= 2.015 X IQ-3 

2 

This is the number of mo les o f sulfuric acid present 
in 25 cm 3 o f th e solutio n , so the concentrati on o f the 

sulfuric acid lOOO 
= 2.015 x 10-3 x --= 0.081 moldm-3 

25 

Check list 
After studying Chapter B you should know and understand the 
following terms. 

• Acid A substance which dissolves in water, producing 
W(aq} ions as the only positive ions. An acid is a hydrogen 
ion (W) donor. 

• Acid salt A substance formed when only some of the 
replaceable hydrogen of an acid is replaced by metal ions or 
the ammonium ion (NH/). 

• Alkali A soluble base which produces OW(aq) ions in 
water. 

• Base A substance which neutralises an acid, producing a 
salt and water as the only products. A base is a hydrogen 
ion (W) accepter. 

• Double decomposition The process by which an 
insoluble salt is prepared from solutions of two suitable 
soluble salts. 

• Efflorescence The process during which a substance loses 
water of crystallisation to the atmosphere. 

• Hygroscopic The ability to absorb water vapour from the 
atmosphere without forming solutions or changing state, 
for example, concentrated sulfuric acid. 

• Indicator A substance used to show whether a substance 
is acidic or alkaline (basic), for example phenolphthalein. 

• Ionic equation The simplified equation of a reaction 
which we can write if the chemicals involved are ionic 
substances. 

• Neutralisation The process in which the acidity or 
alkalinity of a substance is destroyed. Destroying acidity 
means removing H+(aq) by reaction with a base, carbonate 
or metal. Destroying alkalinity means removing the QH-(aq) 
by reaction with an acid. 

W(aq) + QH-(aq) -+ Hp(1) 

Normal salt A substance formed when all the replaceable 
hydrogen of an acid is completely replaced by metal ions or 
the ammonium ion (NH/). 

• pH scale A scale running from Oto 14, used for 
expressing the acidity or alkalinity of a solution. 

• Salt hydrates Salts containing water of crystallisation. 

Questions 
1 24.2cm3 of a solution containing 0.20moldm-3 

of hydrochloric acid just neutra lised 25.0cm3 of a 
potassium hydroxide solution. What is the concentration 
of this potassium hydroxide solution? 

2 22.4cm3 of a solution containing 0.10moldm-3 of 
sulfuric acid just neutralised 2S.Ocm3 of a sodium 
hydroxide solution. What is the concentration of this 
sodium hydroxide solution? 

• Solubility The solubility of a solute in a solvent at a given 
temperature is the number of grams of that solute which 
can dissolve in 1 00 g of solvent to produce a saturated 
solution at that temperature. 

• Strong acid An acid which produces a high concentration 
of W(aq) ions in water solution, for example hydrochloric 
acid. 

• Strong alkali An acid which produces a high 
concentration of oH-(aq) ions in water solution, for example 
sodium hydroxide. 

• Testing for a carbonate If effervescence occurs when 
an acid is added to the suspected carbonate and the gas 
produced tests positively for carbon dioxide, the substance 
is a carbonate. 

• Testing for a chloride If a white precipitate is produced 
when dilute nitric acid and silver nitrate solution are added 
to the suspected chloride, the solution contains a chloride. 

• Testing for a sulfate If a white precipitate is produced 
when dilute hydrochloric acid and barium chloride solution 
are added to the suspected sulfate, the solution contains a 
sulfate. 

• Titration A method of volumetric analysis in which a 
volume of one reagent (for example an acid) is added to a 
known volume of another reagent (for example an alkali) 
slowly from a burette until an end-point is reached. If an 
acid and alkali are used, then an indicator is used to show 
that the end-point has been reached. 

• Water of crystallisation Water incorporated into the 
structure of substances as they crystall ise, for example in 
copper(u) sulfate pentahydrate (CuS04.SH20). 

• Weak acid An acid which produces a low concentration 
of H+(aq) in water solution, for example ethanoic acid. It is 
only partially ionised. 

• Weak alkali An acid which produces a low concentration 
of OH-(aq) in water solution, for example ammonia solution. 
It is only partially ionised. 



Q Acids, bases and salts 

• Additional questions 
1 Explain , with the aid of c.xa.mpks, what you 

und erstand by the fo llowing terms: 
a stron g acid 
b weak acid 
c strong alkali 
d weak alkali 
e co ncentrated acid . 

2 a Copy o ut and com plete the tab le, which covers 
th e different m eth ods o f preparing salts. 

Method of Name of salt Two substa nces used 
preparation prepared in the preparation 

Acid + alkali Potassiumsulfate .............. and 

Acid + metal .............. and 
dilute hydrochloric acid 

Acid + insoluble Magnesiumsulfate .............. and 
bare 

Acid + carbonate Copper .. .............. and 

Precipitation Lead iodide .............. and 

b Write word and balanced chemical equatio ns fo r 
each reactio n shown in your tab le. Also write 
io nic equ ations where appropriate. 

3 Study th e following schem e. 

Sodium hydroxide 

dU,te l sulfuric 
acid 

Solution A 

Wat er 

Mixed 

I 
White precip itat e D 

Solution E 

Calcium hydroxide 

ldU,te 
nitric 
acid 

Solution B 

Liquid C 

a Give th e names and fo rmulae o f substances A 
to E . 

b D escri be a test which could be used to identify 
the pn:scncc o f water. 

c Which indicator is suitable fo r the initial reactio n 
between the hyd roxides and the dilute acids 
shown ? 

d Write balanced chemical equatio ns fo r the 
reactio ns taking place in the schem e. 

e VVritc an io nic equ atio n fo r the productio n o f the 
white precipitate D. 

4 ln a titratio n involving 24.0cm 3 potassium 
hyd roxide solutio n against a solution containing 
1 m o ldm-3 o f sulforic acid , 28 .0 cm 3 o f the acid 
was found to just neutralise the alkali completely. 
a Write a word and balanced chemical equation fo r 

th e reactio n. 
b Name a suitable indicator fo r the titratio n and 

state the colo ur chan ge you would o bserve. 
c Calculate th e concentratio n of the alkali in 

m oldm-3 . 

d D escri be a chemi cal test which you could use 
to identify th e type o f salt produced during the 
reactio n. 

5 Explain the fo llowing, with the aid o f examples: 
a neutralisatio n 
b titration 
c soluble salt 
d insoluble salt. 

6 Read the fo ll owing passage and then answer the 
questions which fo llow. 

Sodium carbo nate dccahydratc effloresces quite 
readily. With some substances, such as solid 
sodium hydroxide, the reverse o f efflorescence 
occu rs - they deliquesce. There arc some substances, 
such as concentrated sulfuric acid , which when 
left o pen to th e atmosphere arc diluted - they arc 
hygroscopic. 

a What arc the m eanings o f the terms in italics1 
b What precautio ns sho u ld be taken to ensure 

that these substances arc no t involved in th e 
processes described above? 

c Which o f the other salts shown in Table 8 .6 o n 
p. 127 arc likely to effl oresce? Give a reason fo r 
your answer. 
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7 Coppcr(n ) sul fu tc crystals exist as the pmtnhydrate, 
CuS04 .5H 20 . It is a salt hydrate. !fit is heated 
quite strongly, the water of crystallisation is driven 
off and the anhydrous salt rem ains. 
a Explain the meaning o f the terms shown in italics. 
b D escribe the experiment you would carry 

o ut to collect a sample o f the water g iven off 
when the salt hydrate was heated st rongly. 
Your descriptio n should include a diagram o f 
the apparatus used and a chemi cal equation to 
represent the process taking place. 

c D escri be a ch emical test you could carry o ut 
to show th at the colourless liquid g iven o ff was 
water. 

d D escri be o ne o ther test you could carry o ut to 
show that the colo urless liquid o btained in this 
experiment was pure water. 

e Som etimes it is necessary to work out the 
percentage by m ass o f water o f crystallisati on as 
well as the num ber o f mo les o f water present in a 
hydrated crystal. 
(i) U se the info rmatio n given to calculate 

the percentage, by m ass, o f water o f 
crystallisatio n in a sample o f hydrated 
magnesium sulfate. 
Mass o f crucible = 14.20g 
Mass o f crucible+ 
hyd rated MgS0 4 = 16 .66 g 
Mass afte r heating = 15 .40 g 

(ii) Calculate th e number o f m o les of water 
o f crystallisation driven o ff during the 
experiment as well as the numbe r o f m o les 
o f anhyd rous salt remaining. 
(A,c H ~ l ; 0 ~ 16; Mg ~ 24;S ~ 32) 

(iii) U sing the info rmation you have obtained in 
(ii), write down, in th e fo rm M gS0 4 .xH 20 , 
the fo rmula o f hydrated magnesium sul fa te. 
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Development of the Periodic Table 

Electronic structure and the Periodic Table 

Grou p I - the alkali meta ls 

Group II - the alkali ne earth metals 

Group VII - the halogens 
Displacement reactions 

• Development of the 
Periodic Table 

The Perio dic Table is a vital tool used by chemists 
to predict the way in which elements react during 
chemical reactio ns. It is a m etho d o f categorising 
elements according to their properties . Scientists 
started to look fo r a way in which to categorise tlu: 
known elements around 200 years ago. 

The Periodic Table was devised in 1869 by the 
Russian Dmitri Mcndck:cv, who was the Professor o f 
C hemistry at St Peters burg University (Figure 9 .1 ). 
His perio dic table was based o n the chemical and 
physical properties o f the 63 elements that had been 
discovered at that time. 

Figure 9.1 Dmitri Mendeleev(1834-1907). 

Group O - the noble gases 

Transit ion elements 

The position of hydrogen 

Checklist 

Additional questions 

H owever, oth er scienti sts had also attempted to 
categorise th e kn own elements. In 181 7, Jo hann 
D Obereiner no ticed that the ato mic weight (now 
call ed ato mic mass) o f stro ntium fell midway between 
the weights o f calcium and barium . These were 
elements which possessed similar chemical p roperties. 
They fo rmed a triad o f elem ents. Other triads were 
also discovered , composed o f: 

chl orine, b ro min e, iodine 

lithium, sodium, potassium 

H e called this the 'L,w of Triads' . This encouraged 
o ther scientists to search fo r patterns. 

In 1865, John N cwlands, an English chemist , 
arranged the 56 known elements in o rder o f 
increasing ato mic weight. H e realised when he did 
this that every eigl1th element in the series was similar. 

H Li Be B C N O F Na Mg Al Si P S Cl K 

He likened this to mu sic and called it th e 'Law of 
Octaves' . It tCII down, however, because som e o f the 
weights were inaccurate and there were elem ents that 
had not been discovered th en . 

Mendek:ev's classificati on proved to be the most 
successful. Mendelcev arranged all the 63 known 
elem ents in o rder o f increasing atomic weight but in 
such a way that elements with similar pro perties were 
in the same vertical column. H e called the verti cal 
columns groups and the ho rizontal rows periods 
(Figure 9.2 ). If necessary he left gaps in th e table. 

As a scientific idea, Mendeleev's periodic table 
was tested by making predictio ns abo ut elements 
that were unknown at that time but could possibly 
fill the gaps. Three o f these gaps arc shown by the 
symbols * and tin Fi gure 9.2 . As new elements were 
discovered , they were found to fit easily into th e 
classificatio n. Fo r example, Mend elcev predicted the 
properti es o f the mi ssin g cl em ent 'eka -silicon ' ( t ). 
H e predicted the colour, density and melting point as 
well as its ato mic weig ht. 
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Period Group 

,, 
Na Mg Al Cl 

Ca Ti Cr Mn Fe Co Ni 

Cu Zn As Se Br 

Figure 9.2 Mendeleev'speriodictable.Heleftgapsforundiscovered 
elements. 

In 1886 the clement we now know as germanium 
was discovered in Germany by C lemens Win kler; its 
properties were almost exactly those Mcnddccv had 
predicted . In all , Mcndckc,, predicted the atomic 
weig ht o f ten new elemen ts, o f which seven were 
eventu ally discovered - the o ther three, atomic 
we ights 45, 146 and 175, do not exist ! 

Period Group 

2 :u :ee - -
3 ~Na ::Mg 

.. , 
D reactive metals 

O transitionmetals 

D poor metals 

O meta llo ids 

O na n-metals 

D noble gases 

Figure 9.3 The modern Periodic Table. 

The success o fMcndclccv's predictions showed 
that his ideas were probab ly correct. His perio dic 
table was quickly accepted by scientists as an 
impo rtant summary of th e properties o f the d cm cn ts. 

Mcnddccv's peri odic table has been m odified in tht: 
light o f work carri t:d out by Rutht:rford and M oseley. 
Discoveries about su b-atomic particles led them to 
realise that the elements sho uld be arranged by p roto n 
number. In the modern Perio dic Tab le the 11 8 known 
elem ents arc arranged in order o f increasing proto n 
number (Fig ure 9.3 ). Those elem ents with similar 
chemical properties art: found in the same columns or 
gro ups. There arc eight groups o f elements. The first 
column is called Group I; the second Grou p I I; and so 
on up to Grou p VI I. The final column in the Periodic 
Table is called Group O (or Group VI1I ). Som e o f the 
groups have been g iven names. 

Group I: The alkali m etals 
Group II: The alkaline earth m etals 
G roup VII: The halogens 
Group 0 : Inert gases o r no ble gases 

IV V VI 

·;e ·:c '.N :o 
:OAI :s; :: P :s 

:: Ni "~Cu :zn ~Ga : Ge :As : se 

': Pd ':Ag ·~cd ·:in ':sn ·:: sb ':Te 
""'""'" - ~- - . - -

~ 

VII 
:He 

': F : Ne 

·.: c1 : Ar 

:er : Kr 

·:1 '::Xe -



Development of the Periodic Table 

Figure 9.4 Transition elements have a wide range of uses, both as elements and as alloys. 

The horizontal rows are call ed periods and th ese are 
numbered 1-7 going down the Periodic Table . 

Between G roups I I and I I I is the block of elements 
known as th e transition elements (Figure 9 .4 ). 

The Periodic Table can be divided into two as 
shown by the bold line that starts beneath boron, in 
Figure 9 .3 . The elements to the left o f this line arc 
metals (fewer than three -quarters) and those on the 
right arc non-m etals (fewer than one -quarter). The 
elements which lie on this dividing line are known 
as metall oids (Figure 9 .5 ). These elements behave in 
some ways as metals and in o thers as non-metals. 

If yo u look at th e properties o f the elements across 
a period of th e Periodic Table you will no tice certain 
trends. Fo r example, there is: 

• a gradu al change from metal to non-metal 
• an increase in the number of electrons in the outer 

energy level o f th e clement 

• a change in the stru cture of the clement, from giant 
metallic in the case of metals (e.g. magnesium, 
p. 56 , Figure 3 .43), through g iant covalent (e .g . 
diamo nd , p. 52, Figure 3.3 3), to simple molecular 
(e .g . chlorine, p. 46 , Figure 3.21 ). 

Figure 9.5 The metalloid silicon is used to make sil icon 'chips'. 
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• Electronic structure and 
the Periodic Table 

The nllmbcr o f elect rons in the outer energy level is 
discussed in C hapter 3 (p. 37 ). It can be seen that 
it correspo nds with the number o f the group in 
th e Periodic Table in which th e clem ent is found. 
For example, the elements shown in Table 9 .1 have 
o ne electron in th eir outer energy leve l and they 
arc all found in G roup I. The elements in G roup 0, 
however, arc an exception to this rule , as they have 
two or eight elect rons in their o uter energy level. 
The o uter el ect rons arc mainly responsible fo r th e 
chemical properties o f any clement, and , th erefore, 
elements in the sam e group have similar chemical 
properties (Tables 9.2 and 9.3 ). 

Table 9.1 Electronicstructureof thefirstthreeelementsofGroupl. 

Element Symbol Proton number Electronic structure 

Li thium 2,1 

Sodium Na 11 2,8,1 

Potassium 19 2,8,8,1 

Table 9.2 Electronic structure of the first three elements of Group II. 

Element Symbol Proton number Electronic structure 

Beryllium ,, 2,2 

Magnesium Mg 12 2,8,2 

Calcium Ca 20 2,8,8,2 

Table9.3 Electronicstructureof the firstthreeelementsinGroup\111. 

Element Symbol Proton number Electronic structure 

Fluorine f 2,7 

Chlorine Cl 17 2,8,7 

Bromine ,, 35 2,8,18,7 

The metallic character o f the elements in a group 
increases as you m ove down the group. This is 
because electro ns becom e easier to lose as the o uter 
shell electro ns becom e further from the nucleus. 
There is less attractio n between the nucleus and 
th e outer shell elect rons because o f the increased 
distance between them . 

• Group I - the alkali metals 
G roup I consists o f the fi ve metals lithium, sodium, 
potassium, rubidium and caesium, and the radioactive 
clem ent francium. Lithium, sodium and potassium 
arc commo nly available fo r use in school. They arc all 
very reactive m etals and th ey arc sto red under o il to 

prevent them co min g into contact with water o r air. 
These three m etals have the following properties . 

• 1l1ey arc good condu cto rs o f electri city and heat. 
• They arc soft m etals. Lithium is the hard est and 

po tassium the softest . 
• They arc metals with low densities. For example , 

lithium has a density o f0.5 3gcm-3 and po tassium 
has a density o f0. 86gcm-3 . 

• They have shiny surfaces when freshly cut with a 
knife (Fig ure 9.6). 

Figure9.6 Freshly cutsodium. 

• They have low melting poin ts. For example, 
lithium has a melting point o f 18 1 °C and 
po tassium has a melting po int o f 64 °C. 

• They burn in oxygen o r air, with characteristic fl am e 
colo urs, to fo rm white solid oxides . Fo r example, 
lithium reacts with oxygen in air to fo rm white 
lithium o xide, according to the following equatio n : 

lithium + oxygen ---+ lithium oxide 
4Li(,) + 0 2(g) - 2Li20 (,) 

These Group I ox.ides all dissolve in water to fo rm 
alkaline soluti o ns o f the m etal hyd roxide. 

lithium oxide + water ---+ lithium hyd roxide 
Li,O(s) + H20 (!) - 2LiOH (aq ) 

• They react vigorously with water to g ive an 
alkaline solution o f th e metal hyd roxide as well as 
producing hyd rogen gas. For example: 

potassium + water ---+ po tassium + hydrogen gas 
hyd rox id e 

2 K(, ) + 2 H,0(1) - 2KO H(aq) + H,(g) 

• Of these three m etals, potassium is the most 
reactive toward s water (Figure 9 .7), fo ll owed by 
sodium and th en lithium. Such g radual changes we 
call trends. Trends arc useful to chemists as they 



b An alka line solution is produced when potassium reacts with water. 

Figure9.7 

Group I - the alka/f metals 

all ow predictions to be m ade abo ut elemen ts we 
have not o bserved in actio n. 

• They react vigorously with halogens, such as 
chlorine, to form m etal halides, fo r example sodium 
chl oride (Fig ure 9.8 ). 

sodium + chlo rine --,. sodium chlo ride 
2No(s) + Cl2(g) - 2N,Cl(s) 

Considering the group as a whole, the forther down 
the group you go the more reactive the m etals become . 
Francium is, therefore, the most reactive Group I metal. 

Table 9. 1 shows the electronic stru cture of th e 
first three elem ents o f G roup I. You will notice in 
each case that the outer energy level contains o nly 
o ne elect ron. When these elem ents react th ey lose 
this o uter elect ron , and in do ing so becom e m o re 
stable, beca use they obtain the electro n config uratio n 
o f a no ble gas . Yo u will learn mo re abo ut th e stabl e 
nature o f these gases later in this chapter (p. 143). 

\.Yhen, fo r example, the element sodium reacts 
it loses its o uter elect ron. This requires energy to 
overcome the electrostatic attractive forces between th e 
o uter electro n and the positive nucleus (Figu re 9 .9 ). 
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sodium at om 
(Na) 

sodium ion 
(Na +) 

Na - Na + + e-
Figure 9.9 This sodium atom loses an electron to become a sodium ion. 

Loo k at Figure 9 . 10. Why do you think po tassium is 
m o re reactive than lithium or sodium ? 

,,~ 
2, 1 

·-~ 
2,8,1 

2,8,8,1 

Figure 9.1 0 Electronic structures of lithium, sodium and potassium. 

Po tassium is mo re reactive becau se less en ergy is 
required to rem ove the o uter elect ron fro m its ato m 
than for lithium or sodium. This is because as you go 
d own the group the size o f the ato m s increases and 
the outer dcctron gets forthcr away from the nucleus 
and becom es easier to rem ove. 

Questions 
1 Write word and balanced chemical equations for the 

reactions between: 
a sodium and oxygen 
b sodium and water. 

2 Using the information on pp. 138--140, predict the properties 
of the element francium related to its melting point, density 
and softness. Predict how francium would react with water 
and write a balanced equation for the reaction. 

3 Write word and balanced chemical equations for the 
reactions between: 
a magnesium and water 
b calcium and oxygen. 

4 Account for the fact that calcium is more reactive than 
magnesium. 

• Group II - the alkaline 
earth metals 

Grou p I I consists o f the fi ve m etals beryllium, 
mag nesium, calcium, stro ntium and barium, and 
th e radioactive clem ent radium . Magnesium and 
calcium arc generally available fo r use in schoo l. 
These m etals have the fo llowing properties. 

• They arc harder th an those in Group I. 
• They are silvery-g rey in colo ur when pure and 

clean. They tarnish quickly, however, when left in 
air d ue to the formati on o f a metal oxide o n their 
surfaces (Fig ure 9. 11 ). 

Figure 9.1 1 Tarnished {left) and cleaned-up magne5ium. 



• They arc good condllctors o f heat and electricity. 
• They bllrn in oxygen or air with characteristic flame 

colours to fo rm solid white oxides. Fo r example: 

magnesium + oxygen -----+ magnesium oxide 
2Mg(, ) + 0 2(g) - 2Mg0 (, ) 

• They react with water, but they do so much less 
vigorously th an the elements in Group I. For 
example: 

calcium + water -----+ calcium + hyd rogen 
hyd roxide gas 

Ca(, ) + 2H20 (1) - Ca(O H ),(,q) + H2 (s) 

Considering the group as a whole, th e further down 
the group you go, the more reactive the elements 
become. 

• Group VII - the halogens 
Group VI I consists o f the four elements flu o rin e, 
chlorine, bromine and iodine, and the radioactive 
clement astatine. Of th ese fi ve elements, chlo rine , 
bromin e and iod ine arc generall y available fo r use 
in school. 

• These elements arc coloured and darken going 
down the group (T able 9 .4 ). 

Table 9.4 Colours of some halogens. 

Halogen Colou r 

Chlorine Pale green 

Bromine Red---brown 

Iodine Purple-black 

• They exist as diatomic molecules, fo r example C l2 , 

Br2 and 12 . 

• They show a g radual change from a gas (C l2 ), 

th rough a liquid (Br2 ) , to a solid (1 2 ) (Figure 9 .12) 
as the density increases . 

• They fo rm molecular compounds with o ther non­
metallic elements, fo r example H CI. 

• They react with hydrogen to produ ce the hydrogen 
halides, whi ch dissolve in water to fo rm acidic 
solutions. 

hydrogen + chlorine -----+ hydrogen chlo ride 
H2(g) + Cl2(g) 2HCl(g) 

hydrogen + water -----+ hydrochloric acid 
chlo rid e 
HCl(g) + H2 0 - H Cl(,q) - W (,q) + CJ-(,q) 

Group VII - the halogens 

b Chlorine gas bleaches moist indicator paper. 

Figure 9.12 

• They react with metals to prod uce ionic metal 
halides, for example chlorine and iron prod LJcc 
iron(m ) chlo rid e. 

iron + chlorine -----+ iron(m ) chloride 
2Fc(, ) + 3Cl2(g) - 2FcC13( , ) 
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Displacement reactions 
If chl orine is bubbled into a solution o f potassium 
iodide, the less n:acti vc halogen, iodine, is displaced 
by the more reactive halogen, chlo rin e, as you can see 
from Figure 9. 13: 

po tassium + chlo rine -----+ potassium + iodine 
iodid e chloride 

2 KI (,q ) + Cl2(g) - 2 KCl(,q) + 12(,q) 

Figure 9.13 lodinebeingdisplacedfrompotas.siumiodidesolutionas 
chlorine is bubbled through. 

The o bserved o rd er o f reactivity o f the halogens, 
confirm ed by similar displacem ent reactio ns, is: 

Decreasing reactivity 

chl orine b romine iodine 

You will n o tice th;1t, in contrast to th e elemen ts o f 
G roups I and I I, the order o f reactivity decreases o n 
going down the group. 

Tab le 9.5 shows the electro nic structure fo r chlorine 
and b romin e. In each case the o uter energy level 
contains seven dectrons. \.Yhen these elem en ts react 
they gain o ne electro n per atom to gain the stable 
electro n configu ration of a no ble gas. You will learn 
more abo ut the stable nature o f these gases in the next 
section . Fo r example, when chlo rine reacts it gains a 
single d ectro n and fo rms a negative ion (Fig ure 9 .14). 

Table 9.5 Electronicstructureofchlorineandbromine. 

Element Symbol Proton number Electronic structure 

Chlorine Cl 17 2,8,7 

Bromine Br 35 2,8,18,7 

chlo rine at om 
(Cl) 

chlo ride ion 
(c1-) 

Figure 9.14 A chlorine atom gains an electron to form a chloride ion. 

C hlo rin e is mo re reactive than bromin e because th e 
incomin g elect ro n is being m o re st rongly attracted 
into the outer energy leve l o f the sm aller atom . The 
attractive fo rce o n it will be greater than in the case 
o f bro mine, since the o uter energy level o f chlo rine 
is closer to the nucleus. As you go down the gro up 
this outermost extra elect ro n is further fro m the 
nu cleus. lt will, therefore, be held less securely, and 
the resulting reactivity o f the elements in Group VII 
will decrease down the group . 

The halogens and halogeni c compounds arc used 
in a multitude o f different ways (Fig ure 9 .15). 

In the reactio n o f chl orine with potassium iodide, 
both C l ato ms in C l2 gain an electro n fro m an iodide 
ion , r-, thus fo rmin g two chloride ions, C J-. The 
iodine ato ms so fo rmed , by th e loss o f an electro n , 
combin e to g ive an iodine m o lecule , 12 . 

O xidatio n 2J- (aq ) + C l2 (g) ---+ 2CJ-(aq ) + 12 (aq ) 
number -1 0 -1 0 
Colo ur colo urless green colourless o range-

brown 

The iodid e ion has been oxidised because it has 
lost ek ctrons. The ox idatio n number has increased . 
C hlorine has been redu ced because it has gained 
electrons. The oxidatio n number has decreased. 

• Fluorine is used in th e form o f fluorides in drinking 
water and toothpaste becau se it redu ces tooth 
decay by hard ening the enamel o n teeth. 

• Chlorine is used to m ake PVC plastic as well as 
ho useho ld bleaches. lt is also used to kill bacteria 
and viruses in drinkin g water (C hapter 11 , p. 191 ). 

• Bromine is used to m ake di sin fec tants, m edi cines 
and fire retardants. 

• Iodine is used in medicines and disinfec tants and 
also as a pho tographic chemical. 



• Group O - the noble 
gases 

Helium, neon, argon, krypton, xenon and the 
radioactive clement radon make up a most unusual 
group of non-metals, called the noble gases. They 
were all discovered after Mcndclcev had published his 
periodic table. They were discovered between 1894 
and 1900, mainly through the work of the British 
scienti sts Sir William Ramsay (Figure 9.16a) and 
Lord John William Strutt Rayleigh (Figure 9.16b). 

• They arc colourless gases. 
• They arc monatomic gases - they exist as individual 

atoms, for example He, Ne and Ar. 
• They arc very unrcactivc. 
• An alternative name for Group O is Group Vlll 

No compounds of helium, neon or argon have ever 
been found. H owever, more recently a number of 
compounds of xenon and krypton with fluorine and 
oxygen have been produced, for example XcF 6 . 

Group O - the noble gases 

Figure 9.1 5 The halogens have many varied uses - fluoride in toothpaste to help reduce dental dec.ay, chlorine in household bleach to kill bacteria, 
bromine as a fire retardant, and iodine in photographic reproduction. 
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aSirWilliamRamsay(1852-1916). 

b Lord Rayleigh(1842- 1919). 

Figure 9.16 Both helped to discover the noble gases and won the Nobel 
Prize in Chemistry in 1904 for their work. 

These gases arc chemicall y unrcactivc because they 
have electro nic stru ctures which arc st;1bk: and very 
difficult to change (Table 9.6). They arc so stable 
that o ther elem ents attempt to attain these elect ron 
config uratio ns during chemical reactio ns (Chapter 3, 
p. 38, and p. 142). You have probably seen this in 
your study o f the elem ents o f Groups I, II and VII. 

Table 9.6 Electronic structure of helium, neon and argon. 

Element Symbol Proton number Electronic structure 

Helium He 

Nooo Ne 10 2,8 

Argon A, 18 2,8,8 

Althoug h unrcactivc, they have many uses. Argon , for 
example, is the gas used to fill light bulbs to prevent 
the tungsten filament reacting with air. N eon is used 
extensively in advertising signs and in lasers. Further 
uses of th ese gases arc discussed in C hapter 11 , p . 176. 

H elium is separated fro m natural gas by the 
liquefactio n o f the o ther gases. The o th er noble gases 
arc o btained in large q uantities by the fractio nal 
distillatio n o f liquid air (Chapter 11 , p . 174 ). 

Questions 
1 Write word and balanced chemical equations for the 

reactions between: 
a bromine and potassium iodide solution 
b bromine and potassium chloride solution. 
If no reaction will take place, write 'no reaction' and explain 
why. 
c Using the information on pp. 141-142, predict the properties 

of the element astatine related to its melting point, density 
and physical state at room temperature. Predict ho.v astatine 
would react with sodium bromide solution. 

2 Write down the names and symbols for the noble gases not 
given in Table 9.6 and use your research skills to find a use 
for each. 

• Transition elements 
This block o f metals includ es m any you will be 
familiar with, fo r exam ple copper, iron , ni ckel, zinc 
and chromium (Fig ure 9 .1 7) . 

• They arc hard er and st ronger than the metals in 
Groups I and II. 

• They have much hig her densities than th e metals in 
Groups I and II. 

• They have hig h melting po ints (except fo r m ercury, 
which is a liquid at room tem perature). 

• They arc less reactive m etals. 
• They fo rm a range o f brig htly colo ured compo und s 

(Figure 9. 18, p . 146). 
• They arc good conductors o f heat and electricity. 
• They show catalytic activity (Chapter 7 , p . 109 ) 

as elem ents and compo unds. Fo r example, iron is 
used in the industrial produ ctio n o f amm o nia gas 
(H aber process, Chapter 11 , p. 177). 

• They do no t react (corrode) so quickly with oxygen 
and/o r water. 



a Copper is used in many situations which involve good heat and 
electrical conduction. It is also used in medallions and bracelets. 

Transition elements 

b These gates are made of iron. Iron can easily be moulded into different 
shapes. 

d This bucket has been coated 'Nith zinc to prevent the steel of the 
bucket corroding. 

c Monel is an alloy of nickel and copper. It is extremely resistant to e The alloy stainless steel contains a high proportion of chromium, which 
corrosion, even that caused by sea water. makes it corrosion resistant. 

Figure 9.17 Everyday uses of transition elements and their compounds. They are often koov.n as the 'everyday metals'. 

• They fo rm simple ions with more than one 
oxidation state. (For a discussion of ox idation 
states sec Chapter 3, p. 43. ) For example , 
copper forms Cu+ (Cu(r)) and C u2+ (Cu(n)), 
in compounds such as Cu20 and CuS04 , and 
iron forms Fc2+ (Fc(11 )) and Fc3+ (Fc( m )), in 
compounds such as FcS0 4 and FcCl3 . 

• They fo rm m ore complicated io ns with high 
oxidation states. For example, ch romium fo rms 
the dichromatc(VI) ion , C r20 / - , which contains 
chromium with a +6 oxidation state (Cr(YI)) and 
manganese forms th e manganatc(vn) ion, Mn04-, 

which contains manganese with a +7 oxidation 
statc(Mn(VI1)). 
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a Some ~lutions of coloured transition element compounds. 

b The coloured compounds of transition elements can be seen in these 
pottery glazes. 

Figure9.18 

Checklist 
After studying Chapter 9 you should know and understand the 
following terms. 

• Alkali metals The six metallic elements found in Group I 
of the Periodic Table. 

• Alkaline earth metals The six metallic elements found in 
Group II of the Periodic Table. 

• Displacement reaction A reaction in which a more 
reactive element displaces a less reactive element from 
solution. 

• Group A vertical column of the Periodic Table containing 
elements with similar properties with the same number 
of electrons in their outer energy levels. They have an 
increasing number of inner energy levels as you descend the 
group. 

Questions 
1 Look at the photographs in Figure 9.17 (p. 145) and decide 

which properties are important when considering the 
particular use the metal is being put to. 

2 Which groups in the Periodic Table contain: 
a only metals? 
b only non-metals? 
c both metals and non-metals? 

• The position of 
hydrogen 

H ydrogen is o ften pl aced by itsdfin the Periodic 
Table. This is because the properti es o f hydrogen 
arc unique. H owever, profitable comparisons can 
be made with the o ther elements. It is o ften shown 
at the top of either G roup I or Group VI I, but it 
canno t fit easil y into th e trends shown by either 
group ; sec Table 9 .7. 

Table 9.7 Comparison of hydrogen with lithium and fluorine. 

Lithium Hydrogen Fluorine 

Solid Gas Gas 

Forms a positive ion Forms positive or Forms a negative ion 
negative ions 

1 electron in outer 1 electron in outer 1 electron short of a 
energy level energy level full outer energy level 

Loses 1 electron to Needs 1 electron to Needs 1 electron to 
form a noble gas form a noble gas form a noble gas 
configuration configuration configuration 

• Halogens The elements found in Group VII of the Periodic 
Table. 

• Metalloid {semi-metal) Any of the class of chemical 
elements intermediate in properties between metals and 
non-metals, for example boron and silicon . 

• Noble gases The unreactive gases found in Group O of 
the Periodic Table. 

• Periodic Table A table of elements arranged in order of 
increasing proton number to show the similarities of the 
chemical elements with related electronic structures. 

• Periods Horizontal rows of the Periodic Table. Within a 
period the atoms of all the elements have the same number 
of occupied energy levels but have an increasing number of 
electrons in the outer energy level. 

• Transition elements The elements found in the centre of 
the Periodic Table, between Groups II and Ill. 
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• Additional questions 
1 The diagram below shows part of the Periodic 

Table. 

I II Ill IV V VI VII 0 

Using only the symbols of the elements shown 
above, write down the symbol for an clement 
which: 
a is a pale green coloured toxic gas 
b is stored under oil 
c has five electrons in its outer electron energy 

shell 
dis the most reactive Group II clement 
e is the most reactive halogen 
f is the only liquid shown 
g is a transition clement 
h is a gas with two ck:ctrons in its outer shell. 

2 The proton number of barium (Ba) is 56. It is in 
Group II of the Periodic Table. 
a How many electrons would you expect a barium 

atom to contain in its outer energy level? 
b How would you expect barium to react with 

ch lorine? Write a word and balanced chemical 
equation for this reaction. 

c How would you expect barium to react with 
water? Write a word and balanced chemical 
equation for this reaction. 

d Write down the formulae of the bromide and 
sulfatc of barium. 

3 Find the clement germanium (Ge ) in the Periodic 
Table. 
a Which group of the Periodic Table is this 

clement in? 

b How many electrons will it have in its outer 
energy lcvd (shell )? 

c Is germanium a metal or a non -metal? 
d What is the formula of the chloride of 

germanium? 
e Name and give the symbols of the other 

elements in this group. 

4 Three members of the halogens arc: f~·5Cl, ~1Br 
and 1i~I. 
a (i) Write down the electronic structure of an 

atom of chlorine. 
(ii ) Why is the relative atomic mass of chlorine 

not a whole number? 
(iii ) H ow many protons arc there in an atom of 

bromine? 
( iv) H ow many neutrons arc there in an atom of 

iodine? 
(v) State and account for the order of reactivity 

of these elements. 

b When potassium is allowed to burn in a gas jar 
of chlorine, in a fume cupboard, clouds of white 
smoke arc produced. 
(i ) Why is this reaction carried out in a fi.11nc 

cupboard? 
(ii ) What docs the white smoke consist of? 
(iii ) Write a word and balanced chemical 

equation for this reaction. 
(iv) Describe what you would expect to sec 

when potassium is allowed to burn safely in 
a gas jar of bromine vapour. Write a word 
and balanced chemical equation for this 
reaction. 

5 'By using displacement reactions it is possible to 
deduce the order of reactivity of the halogens.' 
Discuss this statement with reference to the 
elements bromine, iodine and chlorine only. 
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6 Use the in fo rmation given in the table below 
to answer the questions below concerning th e 
elements Q , R, S, T and X. 

Element Proton Nucleon Electron ic 
number number 

2,1 

20 40 2,8,8,2 

18 40 2,8,8 

18 2,6 

19 39 2,8,8,1 

a Which clement has 22 neutrons in each ato m ? 
b Which clement is a noble gas? 
c W hich two elements form io ns with th e same 

electro nic structure as neon? 
d W hich two elem ents arc in the same group o f 

th e Peri odic Table and which group is this? 
c Place the elem ents in th e table into tht: perio d s 

in which th ey belong . 
f W hich is the most reactive m etal clement shown 

in th e table? 
g Which of the elements is calcium? 

7 a Co nsider the chemical properti es and physical 
properties o f the halogens chlo rin e, bromine 
and io dine. U sing these properties, predic t the 
fo ll owing abo ut th e oth er two halogens, fluorine 
and astatine. 

Property 

State at room temperature 
and pressure 

Co lour 

React iv ity w it h sodium meta l 

Fluorine Astat ine 

b (i) Write a word equatio n for the reaction o f 
flu orine gas with sodium chlo rid e solution. 

(ii) Write a balanced chemical equatio n fo r the 
reactio n , with state sym bols. 

(iii) Write an ionic equatio n fo r the reactio n, 
with state symbols. 

8 Som e o f the most important metals we use arc 
found in the transitio n clement section o f the 
Periodic Table. One of th ese elements is copper. 
Sodium , a G roup I metal, has very diff"crent 
properties from those o f copper. Complete the 
table below to show their diff"crcn ccs . 

Transit ion element, Group I metal, 
e.g . copper e.g. sod ium 

Hardness (hard/soft} 

Reactivity 

Density{higMow) 

Catalytic activity 

Variable oxidation states 
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Metal reactions 
With acid 
With air/oxygen 
With water/steam 

Decomposition of metal nitrates, carbonates, oxides 
and hydroxides 
Metal nitrates 
Metal carbonates 
Metal oxides 
Metal hydroxides 

Reactivity of metals and their uses 
Using the reactivity series 
Competition reactions in the solid state 
Competition reactions in aqueous solutions 

Identifying metal ions 
Amphoteric hydroxides and oxides 

You have already seen in Chapter 2 , p . 12, th at metals 
usually have similar physical properties. However, 
they d iffer in oth er ways. Look closely at the three 
pho tographs in Figure l 0.1. 

a Sodium burning in air/oxygen. 

Figure10.1 

Discovery of metals and their extraction 
Extraction of reactive metals 
Extraction of fairly reactive metals 
Extraction of unreactive metals 

Metal waste 

Rusting of iron 
Rust prevention 
Corrosion 

Alloys 
Production of steel 
Alloys to order 

Checklist 

Additional questions 

b Iron rusts when left unprotected. 

cGoldisusedinleafformonthisgiantBuddhaasitisunreactive. 
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Sodium is soft and reacts vio lently with both air and 
water. Iron also reacts with air and water but much 
more slowly, fo rmin g rust. Go ld , however, remains 
totally unchanged after many hundreds of years. 
Sodium is said to bt: more reactive than iron and, in 
turn , iron is said to be mo re reactive than gold. 

• Metal reactions 
By carrying o ut reacti ons in the labo ratory with o th er 
metals and with ;1ir, water and dilute acid, it is possible 
to produce an ord er o f reactivi ty o f the m etals. 

With acid 
Look closd y at the pho tograph in Figure l 0.2 showing 
magnesium metal reacting with dilute hydrochloric 
acid. Yo u will notice cffcrvcsccncc, which is caused by 
bubbles of hydrogen gas being formed as the reaction 
between the two substan ces proceed s. The other 
prod uct o f this reactio n is the salt, magn esium chloride . 

magn esium + hyd rochloric ---+ magnesium + hyd rogen 
acid chlo ride 

Mg(s) + 2HCl(,q) - MgCl2(,q) + H2(g) 

If a metal reacts with dilute hyd rochlo ric acid then 
hyd rogen and th e metal chl oride arc produ ced. 

If similar reactio ns are carried o ut using oth er 
m etals with acid , an o rder o f reactivity can be 
p roduced by measurin g th e rate o f evolutio n o f 
hyd rogen. This is known as a reactivity series. 

Table 10.1 Order of reactivity. 

Figure 10.2 Effervescence occurs when magnesium is put into acid. 

An order of reactivity, giving the m ost reactive m etal 
fir st , usin g results fro m experim ents with dilute acid , 
is shown in Table 10. 1. The table also shows how the 
m etals react with air/oxygen and water/steam, and , 
in additio n , the case o f extraction o f th e m etal. 

In all th ese reactions the m o st reactive m etal is the 
o ne that has the high est tendency to lose o uter 
elect rons to form a positive metal io n. 

Reactiv ity series React ionwit h d il ute acid Reaction w ith air/ oxygen React ion w ith water Ease of extract ion 

Potassium(Kl ProduceH2withdecreasing Burn very brightly and Produce H2 withdecreasing Difficult to extract 
Sodium(Na) vigour vigorously vigour with cold water 

Calcium(Ca) Burntoformanoxidewith React with steam with Easier to extract 
Magnesium(Mg) decreasing vigour decreasing vigour 

Aluminium(AI*) 

[Carbon(C)) 

Zinc(Zn) 

lron(Fe) 

Lead(Pb) React slowly to form the oxide Donotreactwithcold 
[Hydrogen(H)) 

Copper (Cu) Donotreact'Nithdiluteacids 

1 
Silver(Ag) Do not react 

l 
Found as the element 
(nat ive) 

l 
Gold(Au) 

Platinum(Pt) 

• Becau-.e aluminium react1'iCJread ilywiththeoxygen in the air, a protectM'oxidela)'{'ri1formedonit1surfi!Ce.Thisoften preVi'nlsanyfurther re ilction anddisgui= 
aluminium's t rue reilctivity. This gives us the use of a light and strong metal 

~ 

j 
a 
~ 
! 
!l. 
3 

~ 



With air/oxygen 
M any metals react directly with oxygen to fo rm 
ox ides . For example , magnesium burns brightly in 
oxygen to fo rm the white powder magnesium oxide. 

magnesium + oxygen ------, magnesium oxid t: 
2Mg(s) + 0 2(g) - 2MgO(s) 

With wat er/st ea m 
Reactive metals such as potassium, sodium and 
calcium react with cold water to product: tht: metal 
hyd roxidt: and hydrogrn gas. For cxampk, tht: 
reactio n of sodium with water product:s sodium 
hydroxide and hydrogen. 

sodium + water sodium + hydrogen 
hyd roxide 

2N,(s) + 2H20(I) - 2N, OH(,q) + H2(s) 

The moderately rt:active metals, magnt:sium, zinc 
and iron, react slowly with watt:r. They will , however, 
react more rapidly with stt:am (Figure 10.3) . In th t:ir 
reaction with steam, th e metal oxide and hydrogt:n 
arc fo rm ed. Fo r t:.xamplt:, magnt:sium prod uct:s 
magnt:sium oxide and hydrogen gas. 

magnesium + st t:am ------, magnesium + hydrogen 
oxide 

Mg(,) + H 20 (g) - MgO(s) + H2(g) 

rocksilwool 
soaked in 

Gt:nerally, it is tht: unrcactivc metals that we find 
the most uses for; fo r t:.xamplc, th e metals iron 
and copper can be found in many C\'cryday objects 
(Figure 10.4 ). H owt:ver, magnesium is one of the 
metals used in tht: co nstru cti on of the Airbus A380 
( Figure I 0.5 ). 

a This wood-burning stove is made of iron. 

b Copper pots and pans. 

Figure 10.4 

Meta/ reactions 

Figure 10.5 Planes are made of an alloy whk:h contains magnesium and 
aluminium. 

Both sodium and po tassium arc so rt:active that they 
havt: to be sto red und er o il to prevent them from 
coming into contact with water o r air. H oweve r, 
because they have low melting points and arc good 
condu ctors o f heat, th ey arc used as coolants for 
nuclear reacto rs. 
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Questions 
1 Write balanced chemical equations for the reactions 

between: 
a iron and dilute hydrochloric acid 
b zinc and oxygen 
c calciumandwater. 

2 Make a list of six things you have in your house made from 
copper or iron. 
Give a use for each of the other unreactive metals shown in 
the reactivity series. 

• Decomposition of metal 
nitrates, carbonates, 
oxides and hydroxides 

The ways in which m etal nitrates, carbonates, oxides 
and hyd roxides decompose can also be discussed 
in terms o f the reactivity series o f the metals. The 
decompositi on processes arc diffCrcnt, depending o n 
the positio n o f the m etal in th e reactivity series. 

Metal nitrates 
When nitrates of reactive metals arc heated, they 
decompose to produce the m etal nitrite and oxygen gas. 

sodium nitrate ~ sodium nitrite + oxygen 
2N,N0 3(s) ~ 2NaN02(s) + 0 2(g) 

Nitrates o f mo derately reactive m etals produce 
brown fomcs o f nitrogen dioxide gas when heated , 
as well as tht: m etal oxide and oxygen gas. 

magnesium ~magnesium + nitrogen + oxygen 
nitrate oxide dioxide 

2Mg(N03), (s) ~ 2MgO(s) + 4N0 2(g) + 0 2(g) 

Table 10.2 Effect of heat on metal nitrates. 

Different prod ucts again arc prod uced when 
nitrates o funrcactivc metals arc heated. These 
m etal nitrates decompose to g ive the metal, 
nitrogen dioxide gas and oxygen. 

Metal carbonates 
All m etal carbonates th at exist undergo th ermal 
decom positio n to g ive the m etal oxide and carbo n 
di oxide gas . The ge neral eq uatio n is: 

metal carbonate ~ m etal oxide + carbon dioxide 

Carbo nates o f reactive metals such as po tassium ;md 
sodium do no t easily undergo any decompositio n 
reactio n. The carbonates of th ese m etals arc 
thermally stable and require very high temperatures 
to force th em to decompose . 

Carbonates o f m oderately reactive metals do 
decom pose. The less reactive the m etal, the lower the 
tcmper..1h1rc needed to m ake the carbonate decompose. 

The carbonates o f unreactivc metals such as gold , 
silver and platinum arc too unstable to exist. 

Metal oxides 
Th:orctically, all metal oxides can be thermally 
decomposed to give the metal and oxygen gas. In 
reali ty, it is usually too difficult to decom pose the oxides 
of reactive metals, and even some moderately reactive 
metals, such as aluminium, have oxides that require 
tho usands o f degrees to make them decom pose. 

It is possible to thermally decompose some oxides 
o fless reactive metals such as silver oxide. 

silver oxide ~ silver + o xygen gas 
2Ag2 0 (s) ~ 4Ag(s) + 0 2(g) 

M etal Symbol Effect of heat on nitrate Equation(someexamples) 

Potassium K 
Sodium Na 

Calcium c, 
Magnesium Mg 
Aluminium Al 
Zinc Zo 
lroo ,, 
Lead Pb 
Copper c, 

Silver Ag 
Platinum ~ 

Gold A, 

• 

Formthemetalnitriteandoxygenis 
released 

Formtheoxideandreleaseoxygen 
Brown fumes of nitrogen dioxide 
(nitrogen(!'.') oxide) are also produced 

Decompose to the metal releasing 
oxygenandnitrogen(!'.')oxide 

potassium nitrate 
2KN0is) 

calcium 
nitrate 

2Ca(NOJl:z(s) 

nitrate 
2Zn(N03),(,) 

copper(•) 
nitrate 

2Cu(NOJl2(,) 

silver 
nitrate 

2AgNOi,) 

potassium nitrite + oxygen 
2KNOi{,) Oi{g) 

calc ium + nitrogen(!'.') + oxygen 
oxide oxide 

2Ca0(,) 4N02(g) Oi(g) 
+ nitrogen(!'.') + oxygen 

oxide oxide 
2Zn0(,) 4N02(g) 0,(9) 
copper + nitrogen(!'.') + oxygen 
oxide oxide 

2Cu0(,) 4NO,(g) Oh) 

silver + nitrogen(!'.') + oxygen 
oxide 

2Ag(,) 2N0,(9) Oi(g) 



Reactivity of metals and their uses 

Table 10.3 Effect of heat on metal carbonates. 

M eta l Symbol Effectofheatoncarbonate Equation (some examples) 

Potassium K No reaction 
Sodium Na 

Calcium Ca Formtheoxideandrelease calcium carbonate calcium oxide carbon dioxide 
COi(g) 

carbon dioxide 
CO,(g) 

carbon dioxide 
CO,(g) 

Magnesium Mg carbon dioxide with increasing CaC03(,) CaO(,) 
Aluminium Al zinc carbonate zinc oxide 
Zinc '" ZnC03(,) ZnO(,) ,~, Pb copper(•) carbonate copper(1)oxide 
Copper c, CuCOis) Cua(,) 

Silver Ao Carbonates are too unstable 
Platinum Pt to exist 
Gold Ao 

Table 10.4 Effectof heatonmetalhydroxides. 

Meta l Symbol Effectofheatonhyd roxide Equation (some examples) 

Potassium K No reaction (i.e. there is no 
Sodium Na decomposit ion) 

Calcium Ca Decompose to the oxide and calcium hydroxide calcium oxide water 
H20(g) 
water 
H20(9) 
water 
H20(9) 

Magnesium Mg release water Ca(OHM,) CaO(,) 
Aluminium Al zinc hydroxide zinc oxide 
Zinc '" Zn(OHh(,) ZnO(,) 
Iron Fe copper hydroxide copper oxide ,~, Pb Cu(OHh(,) 
Copper c, 
Silver Ao Hydroxides are too unstable 
Platinum Pt to exist 
Gold Ao 

Met al hydrox ides 
H yd roxides o f reactive metals show no 
deco mpositio n when they arc heated. The 
hyd roxides o f moderately reactive m etals do 
decom pose to produce the m etal oxide and water. 
This process is used to convert calcium hyd roxid e 
(slaked lime) into calcium oxide (lime). 

calcium hyd roxide ~ calcium ox ide + water 
Ca( OH),(s) CaO(s) + H20 (g) 

• Reactivity of metals and 
their uses 

Generally, it is the unrcactivc metals fo r which we find 
most uses. For example, the metals iron and copper 
can be found in everyday o bjects such as car bodies 
and coins, n:spcctively. H o wever, the m etal aluminium 
is an exceptio n. Aluminium appears in the reactivity 
series just below magnesium and is quite reactive. 

Cua(,) 

Fortunately, it fo rms a relatively thick oxide layer 
o n the surface o f the metal which prevents further 
reactio n. This gives us the use o fa light, stro ng metal 
for items such as door handles and cooking foil. There 
arc many reactive metals you would not expect to find 
m any uses for. Fo r example, sodium is so reactive it 
is sto red under oil to prevent it coming into contact 
with water and the air. H owever, because it has a low 
melting point and is a good conducto r o f heat , it can 
be used as a coolant in nuclear reactors. 

Quest ion 
1 Choose a reactive metal {e.g. magnesium) and an 

unreactive metal (e.g. lead) and compare the uses of 
these metals with their reactivity and properties. 

Using the reactivity series 
The reactivity series is useful for predictin g how 
m etals will react. It can also be used to predict th e 
reacti ons o f som e m etal compounds. The tables o n 
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pp. 152-153 show how some metal nitrates and 
hyd roxides behave when heated. Yo ll can sec that 
metal compounds fro m a similar part ofth t: series 
behave in a similar manner. 

Competition reactions 
in the solid state 
A m a n:: reactive metal has a g reater tendency to fo rm 
a m etal ion by losing elect rons than a less reactive 
metal docs. Therefore, if a m o re reactive metal is 
heated with th t: oxide o f a less reactive m etal, then it 
will rem ove th e oxygen from it (as the oxide ani o n). 
Yo u can sec fro m the reactivity series that iron is less 
reactive than aluminium (p. 150). Ifiron(m) oxide 
is mixed with aluminium and the mi.xhtrc is heated 
using a magnesium fuse (Fig ure 10.6), a very vio lent 
reactio n occurs as the competitio n between the 
aluminium and the iron fo r the oxygen takes place. 

iron vessel heatproof mat 

Figure 10.6 Thermitreactionmixture apparatus. 

The aluminium, being the m o re reactive metal, takes 
the oxygen fro m th e less reactive iron. It is a very 
exothermic reactio n . When the reaction is over, a 
solid lump o f iron is left alo ng with a lo t o f white 
aluminium oxide powder. 

iron(m ) + aluminium ~ aluminium + iron 
ox id e oxide 

Fe20 3( , ) + 2Al(s) ~ Al20 3( , ) + 2Fe(, ) 

2 Fe3+(,) + 2Al(s) - 2Al3+(,) + 2Fe(, ) 

This is a redox reaction (sec Chapter 2 , p . 14 and 
C hapter 5, p . 73 fo r a discussio n o f this type o f 
reactio n ). 

This particular reactio n is known as the Thermit 
reaction (Fig ure 10 .7 ). Since large am o unts o f heat 
arc given o ut and the iron is fo rmed in a mo lten 
state, this reactio n is used to weld togeth er damaged 
railway lines. It is also used in incendiary bombs. 

Figure 10.7 The Thermit reaction in a laboratory. The same reaction is 
used to weld damaged railway lines. 

Som e metals, such as the transitio n metals ch romium 
and titanium, arc prepared fro m their oxides using 
this type o f competition reactio n. 

Carbon, a non-metal, is included in Table 10 .1 
(p. 150) just below aluminium. It is a.bk to redu ce 
m etal oxides below it in the series. 

Competition reactions in aqueous 
solutions 
In ano th er reactio n , metals compete with each o ther 
for o ther anions. This type o f reactio n is known as 
a displacement reaction . As in the previo us type o f 
competitive reactio n , the reactivity seri es can be used 
to predict which o f th e m etals will 'win ' . 

In a displacement reactio n, a m o re reactive metal 
will displace a less reactive metal fro m a solution o f 
its salt. Zinc is above copper in the reactivity series. 



Figure 10.8 shows what happens when a piece of 
zinc metal is left to stand in a solution of coppcr(n) 
nitrate . The copper(11 ) nitrate slowly loses its blue 
colour as th e zinc continues to displace the copper 
from the solution and eventu ally becomes colourless 
zinc nitrate. 

zinc + copper(11) ---,. zinc nitrate + copper 
nitrate 

Zn(s) + Cu(N0 3),(,q) - Zn(N03),( ,q) + Cu(s) 

Figure 10.8 Zinc displaces copper. 

The ionic equation fo r this reaction is: 

zinc + copper ions ---,. zinc ions + copper 
Zn(s) + C u2+(aq) ---,. Zn 2+(aq ) + C u(s) 

This is also a rcdox reaction involving th e transfer 
o f two electrons from the zinc metal to the co pper 
ions. The zinc is oxidised to zinc io ns in aqueous 
solution , while the copper ions arc redu ced. (Sec 
C hapter 5 , p. 73, fo r a discussion of ox idation 
and redu ctio n in terms of ckctron transfer. ) It is 
possible to confirm the reacti vity series fo r metals 
using competiti on reactions of the types discussed 
in this section . 

Identifying metal ions 

Questions 
1 Predict whether or not the following reactions will take 

place: 
a magnesium + copper(u) oxide 
b iron + aluminium oxide 
c calcium + magnesium oxide. 
Complete the word equations and write balanced 
chemical and ionic equations for those reactions which 
do take place. 

2 Predict whether or not the following reactions will take 
place: 
a magnesium + calcium nitrate solution 
b iron + copper(u) nitrate solution 
c copper + silver nitrate solution. 
Complete the word equations and write balanced 
chemical and ionic equations for those reactions which 
do take place. 

3 How could you carry out a series of reactions between 
metals and solutions of their nitrates to establish a 
reactivity series? 

4 The data below was obtained by carrying out 
displacement reactions of five metals with the nitrates of 
the same five metals. Strips of each metal were placed in 
solutions of the other four metals' nitrate solutions. 

Nitrates 

,/ ,/ ,/ 

,/ ,/ 

,/ 

,/ ,/ ,/ ,/ 

./ = metal displaced J( = no reaction 
Put the five metals A- E in order of their reactivity using 
the data above. 

• Identifying metal ions 
\.Yhcn an alkali d issolves in water, it prod uces 
hydroxide io ns. It is known that most metal 
hyd roxides arc insoluble. So if hyd rox ide ions from a 
so lution of an alkali arc added to a solution of a metal 
salt, an insolu ble, o ften coloured , metal hyd roxide is 
precipitated from so lution (Figure 10.9). 

Let's take the example ofi ron(m ) chloride with 
sodium hydroxide solution : 

iron(m ) + sodium ---,. iron(m ) + sodium 
chlo ride hydroxide hydroxide chloride 

FcCl3(,q) + 3N,O H(,q) - Fc(O H),(s) + 3NaCl(,q) 
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a Iron(• } hydroxide is precipitated. b Copper(,) hydroxide is precipitated. 
Figure 10.9 

The io nic eq uati o n for this reaction is: 

iron(m) ions + hydroxide ions ------, iro n(m) hydroxide 
Fc3+(,q) + 3QH-(,q) Fc(OH ),(s) 

Table l 0 .5 shows the effects of adding a few drops 
of sodium hydroxide solution to solutions containing 
vario us metal ions, and of adding an excess. The 
colours of the insoluble metal hydroxides can be used 
to identify the m etal catio ns present in solutio n. In 
som e cases the precip itate d issolves in excess hydroxide, 
owing to the am pho tcric nature o f the metal 
hydroxide. This ampho tcric nature can also be used to 
hdp identify metals such as aluminium and zinc. 

Table 10.5 Theeffectofaddingsodiumhydroxidesolutiontosolutions 
containing various metal ions. 

M etal ion present 
in solutio n 

Aluminium 

Calcium 

Copper(1) 

Iron{•) 

Iron{• } 

Zinc 

Chromium{11} 

• 

Effect of adding sodium hydroxide solution 

A few drops An excess 

White precipitate of Precipitate dissolves 
aluminium hydroxide 

White precipitate of Precipitate does not 
calcium hydroxide dissolve 

Blue precipitate of Precipitate does not 
copper(1) hydroxide dissolve 

Green precipitate of Precipitate does not 
iron(1)hydroxide dissolve 

Brown precipitate of Precipitate does not 
iron{1)hydroxide dissolve 

White precipitate of Precipitate dissolves 
zinc hydroxide 

Light green Precipitate dissolves 
precipitate 

Amphoteric hydroxides and oxides 
The hydroxides of metals arc basic and they react 
with acids to fo rm salts (Chapter 8, p. 124). The 
hydroxides of some metals, however, will also react 
with st rong bases, such as sodium hydroxide, to 
fo rm soluble salts. H ydroxides of this type arc said 
to be amphoteric. For example, 

zinc + hydrochloric ------, zinc + water 
hydroxide acid chloride 

Zn(OH),(,q) + 2 HCl(,q) -ZnCl2(,q) +2 H20 (1) 

and 

zinc + sodium sodium zincate 
hydroxide hydrox ide 

Zn(OH),(,q) + 2N,OH(,q) N, 2Zn(OH )4(,q) 

O ther amphotcric hyd roxides arc lead hydroxide 
(Pb(OH )i) and aluminium hydroxide (Al(OH h). 
We can use this sort o f behaviour to help identify 
metal cations, as their hyd roxides arc soluble in 
st ro ng bases. 

Bo th aluminium and zinc metals will also react 
readily with moderately concentrated acids and alkalis. 

zinc + hydrochloric ------, zinc chloride + hyd rogen 
acid 

Zn(s) + 2H Cl(,q) - ZnCl2(,q) + H2(g) 

zinc + sodium + water ---> sodium + hydrogen 
hydroxide zincate 

Zn(,) + 2NaOH(aq) +2 H20(l) ---> Na2Zn(OH )4(aq) + Hi{g) 

It should be no ted that th e oxides of the metals 
used as examples above arc also amphoteric. 
Aluminium ox ide and zinc oxide will react with 
bo th acids and al kalis. 

zinc + hydrochlo ric ------, zinc + water 
ox ide acid chloride 

ZnO(s) + 2HCl(,q) - ZnCl2(,q) + H20(!) 

zinc + sodium + water ------, sodium zincatc 
oxide hydrox ide 

ZnO(s) + 2N,OH (,q) + H20 (!) - N,2Zn(OH ).(,q) 

Certain non-metal oxides arc classified as neutral. 
These oxides do no t react with acids o r bases. 
Examples include carbon monoxide (CO ), 
nitrogcn(n) oxide (nitrogen mo noxide, NO), and 
nitrogen(!) ox ide (nitrous oxide o r dinitrogen 
oxide, N 20 ). 



Questions 
1 Write equations for the reaction between: 

a aluminium and moderately concentrated hydrochloric 
acid 

b aluminium and moderately concentrated sodium 
hydroxide (producing sodium aluminate, NaAl(OH).J. 

2 Write ionic equations for the reactions which take place to 
produce the metal hydroxides shown in Table 10.5. 

3 Describe what you would see when sodium hydroxide is 
added slowly to a solution containing iron(u) nitrate. 

• Discovery of metals and 
their extraction 

Metals have been used since prehistoric times. Many 
primitive iron tools have been excavated . These were 
probably made from small amounts o f native iron 
found in rock from meteorites . It was no t until about 
2500Bc that iron became more widely used. This date 
marks the dawn of the iron age, when people learned 
how to get iron from its ores in larger qu antities 
by reduction using charcoal. An ore is a naturally 
occurring mineral from which a metal can be extracted . 

Over the centuries o ther metals, which like iron 
are also relatively low in the reactivity seri es, were 
isolated in a similar manner. These included copper, 
lead , tin and zinc. H owever, due to the relatively low 
abundance of the ores containing these metals, they 
were not extracted and used in large amounts. 

Metals high in the reacti vity seri es have proved 
very difficult to isolate . It was no t until more recent 
times, through Sir Hum phry Davy's work on 
electrolysis, that potassium (1807), sodium (1807 ), 
calcium ( 1808) and magnesium (1808) were isolated. 
Al uminium, the most plentiful reactive metal in th e 
Earth 's crust , was no t extracted from its o re until 
1827, by Friedrich Wohler (p. 74 ), and the extremely 
reactive metal ru bid ium was no t isolated until 186 1 
by Ro bert Bunsen and G ustav Kirchhoff. 

The majority o f metals arc too reactive to 
exist on th eir own in the Earth 's crust , and they 
occur naturally in rocks as compounds in o res 
(Figure 10.1 0). These o res arc usually carbonates, 
ox ides or sulfidcs of the metal, mixed with impurities. 

Some metals, such as gold and silver, occur in a 
native fo rm as the free metal (Figure 10.11 ). They 
arc very unrcactivc and have withstood th e action 
of water and the atm osphere fo r many thousands of 
years without reacting to become compounds . 

Some of the common ores arc shown in Table 10.6 . 

Discovery of metals and their extraction 

Figure 10.10 Metalores~chalcopyrite {top)andgalena. 

Figure 10.11 Gold crystals. 

Large lum ps of the ore arc first crushed and ground up 
by very heavy machinery. Some ores arc already fairly 
concentrated when mined . Fo r example, in some parts 
o f the world , haematite contains over 80% Fe20 3. 

However, other o res, such as copper pyrites, arc o ften 
found to be less concentrated , with only I % or less 
o f the copper compound, and so they have to be 
concentrated before the metal can be extracted. The 
method used to extract the metal from its ore depends 
on the position of the metal in the reactivity series . 
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Tab le 10.6 Some common ores. 

Metal Name of ore Chemical name of Formula Usual me thod of ext ract ion 
compound in ore 

Aluminium Bauxite Aluminium oxide Al 20 3.2H20 Electrolysis of oxide dissolved in molten cryolite 

Copper Copper pyrites Copper iron sulfide CuFe51 The sulfide ore is roasted in air 

lroo Haematite Iron(•) oxide Fe20 3 Heat oxide with carbon 

Sodium Rock salt Sodium chloride NaCl Electrolysis of molten sodium chloride 

Zinc Zinc blende Zincsulfide ZnS Sulfideisroasted inairandtheoxideproducedisheatedwithcarbon 

Extraction of react ive meta ls 
Becau se reactive metals, such as sodium , ho ld o n 
to the ckmcnt(s) th ey have combined with , tl11:y 
arc usually difficult to ex tract . For example, sodium 
chloride (as rock salt ) is an ionic compound with the 
Na+ and CJ- io ns strongly bo nd ed to o ne ano ther. 
The separatio n o f these io ns and the subsequent 
isolatio n o f the sodium m et a. I is therefore difficult. 

Elect rolysis o f the m o lten , purified ore is th e 
method used in these cases. During this p rocess, the 
m eta.I is produced at the cathode while a no n-meta.I 
is produced at the a.node. As you might expect, 
extracti on o f m etal by elect ro lysis is expensive. ln 
o rder to keep costs low, many m eta.I smelters using 
electrolysis a.re situated in regio ns where there is 
hyd roelectric po wer (Chapter 6 , p . 94). 

For furth er discussion o f the extractio n o f 
aluminium, sec C hapter 5, pp. 74- 76. 

Extraction of fa irly reactive met als 
Meta.ls towards th e middle o f the reactivity series, 
such as iron and zinc, may be extracted by redu cin g 
the meta.I oxide with the no n-m eta.I carbon . 

Iron 
Iron is extracted ma.inly from its ox ides, haem atite 
(Fc20 3 ) and magnetite (Fc30 4 ), in a bl ast furn ace 
(Fig ures 10 .1 2 and 10 .13). These ores contain 
at least 60% iron. The iron ores used arc a blend 
o f those extracted in Australia, Canada, Sweden , 
Venezuela and Brazil. The blast furnace is a steel 
tower app roximately 50 m hig h lined with heat­
resistant bricks. It is loaded with the 'charge' o f iron 
ore (usually haematite), coke (m a.de by heating coal) 
and limesto ne ( calcium carbo nate). 

A blast o f ho t air is se nt in near the bottom o f the 
furnace th roug h ho les (tu yCrcs) which makes the 
'charge' glow, as the coke burns in the preheated air. 

carbon + oxygen ---+ carbo n dioxide 
C(s) + 0 2(g) - C0 2(g) 

Figure 10.1 2 Ablastfumace. 

height 
approximat ely 
90m 

Figure 10.1 3 Cross-sectionofablastfumace. 



A number of chemical reactions then follow. 

• The limestone begins to decompose: 

calcium ------, calcium + carbon 
carbonate oxide diox ide 
CaC0 3( , ) - CaO(, ) + C0 2(g) 

• The carbon di oxide gas produced reacts with more 
ho t coke higher up in the furn ace, producing 
carbon monoxide in an endo thermic reaction. 

carbon dioxide + coke ------, carbo n monoxid e 
C0 2 (g) + C(,) - 2CO(g) 

• Carbo n monoxide is a redu cing age nt (C hapter 2 , 
p. 14). It rises up the furnace and redu ces 
the iron(m ) oxide ore. This takes place at a 
temperature of around 700 °C: 

iron(m ) + carbon ------, iron + carbon 
oxide monoxide dioxide 

Fc20 3( , ) + 3CO(g) - 2Fc(l) + 3C0 2(g) 

The molten iron trickles to the bottom. 
• Calcium oxide is a base and this reacts with acidic 

impurities such as silicon(rv) oxide in the iron, to 
fo rm a slag whi ch is mainly calcium sili cate. 

calcium + silicon(rv) ------, calcium 
ox ide oxide silicate 

CaO(, ) + s;o, (,) - C,S;03(!) 

The slag trickles to the bo ttom of th e fmnacc, but 
because it is less dense than th e molten iron, it 
floats on top of it. 

Generally, metallic ox ides, such as calcium oxide 
(CaO ), arc basic and non -metallic oxid es, such as 
sili con(rv) oxide (Si02 ) , arc acidi c. 

C ertain oxides, such as carbon monoxide (CO), arc 
neutral and o thers, such as zinc oxide (ZnO), arc 
ampho teric (p. 156). 

The molten iron, as well as th e molten slag , may be 
tapped off (run off) at regular intervals. 

The waste gases, mainly nitrogen and ox ides of 
carbon, escape from the top of the fornacc. They arc 
used in a heat exchan ge process to heat incoming air 
and so help to redu ce the energy costs o f the process. 
Slag is the o ther waste material. It is used by builders 
and road makers (Figure 10.14) for foundations. 

Discovery of metals and their extraction 

Figure 10.1 4 Slag isused inroadfoundations. 

The extraction of iron is a continuous process and is 
mu ch cheaper to run than an electrolytic method. 

The iron obtained by this process is kn own as 
'pig' or cast iron and contains about 4% carbon (as 
well as some o ther impurities ). The name pig iron 
arises from the fact that if it is not subsequently 
converted into steel it is poured into mould s called 
pigs . Because of its brittle and hard nature, the 
iro n produced by this process has limited use. Gas 
cylinders arc so metimes mad e of cast iron, since they 
arc unlikely to get deform ed during th eir use. 

The majority of the iron produced in the blast 
furnace is converted into different steel alloys (p . 166) 
such as manganese and tungsten steels as well as the 
well -known example of stainless steel (p. 166 ). 

The annml producti on of iron worldwide is 
1536 milli on tonnes . The larger blast furnaces arc 
capable of producing l O OOO tonnes of iron per day 
(Figure 10.15). 

Figure 10. 15 Redcar steelworks at Teesside, UK. 
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Zinc extraction 
The principal source of zinc is zinc sulfidc or zinc 
blcndc. This ore occurs mainly in Australia, Canada 
and the US. The zinc o re is first concentrated by a 
process called froth flot'ltion. The crushed ore is fed 
into tanks o f water containing a chemical frothing 
agent. Air is blo wn throug h so that the who le mixture 
froths up . The rock particles become soaked with 
water and sink to the botto m of the tank. H owever, 
the zinc sulfidc particles, into which the water canno t 
soak, arc carried to the top of the tank by the air 
bubbks and arc skimmed off and dried. This ore 
now contains 55-75% of zinc sulfidc. The zinc sulfidc 
is then heated very stro ngly in a current of air in a 
fornacc (Figure 10.16) to convert it to tht: oxide: 

zinc + oxygen -----+ zinc + sulfur 
sulfidc oxide dio xid e 

2ZnS(s) + 302(g) - 2ZnO(s ) + 2S0 2(g) 

Figure 10.16 Zinc is extracted in a furnace like this one. 

The sulfor dioxide is a useful co-product and is used 
in the manuf.tcture o f sulfi.uic acid. The zinc oxide is 
mixed with powdered coke in a fornace and heated 
very strongly to a temperature o f approximately 
1400 °C. The zinc oxide is reduced by the coke to zinc: 

zinc + coke ----,. zinc + carbo n 
ox ide (carbon ) m onoxide 

ZnO(s) + C(s) - Zn(g) + CO(g) 

The mixture o f zinc vapo ur and carbon m onoxide 
passes through an o utlet near the to p o f the furnace 
and the zinc metal cools and condenses. The 
heating costs o f the fornacc arc reduced by burning 
the carbon mo noxide which is produced. 

Zinc is used in alloys such as brass. It is also used 
to galvanise steel and for electrodes in batteries. 

Extraction of unreactive metals 

Silver and gold 
These arc very unrcactivc m etals. Sil ver ex ists mainly 
as silver sulfid c, Ag2S (silver glance ). The extractio n 
in volves treatment o f the pulveri sed o re with 
sodium cyanide . Z inc is then added to displace th e 
silver from solutio n. The pure metal is o btained by 
elect rolysis. Silver also exists to a sm all extent native 
in the Earth 's cru st. G o ld is nearly always found in 
its native form (Figure 10.1 7 ) . It is also obtained 
in significant am o unts durin g bo th the electro lytic 
refining o f copper and the ex tractio n o flcad. 

Figure 10.17 These people are panning for gold. 

Silver and gold , because o f their resistan ce to 
corrosion , arc used to make jewellery. Bo th o f these 
metals arc also used in the electro nics industry 
becau se o f their high electrical condu ctivity. 



Questions 
1 How does the method used for extracting a metal from 

its ore depend on the metal's position in the reactivity 
series? 

2 'It is true to say that almost all the reactions by which a 
metal is extracted from its ore are reduction reactions.' 
Discuss this statement with respect to the extraction of 
iron, aluminium and zinc. 

3 Titanium is extracted from rutile (Ti02). Use your research 
skills, including the Internet, to suggest the detail of the 
extraction process. 

4 Write a word and symbol equation for the reduction of 
Cu(1) sulfide to copper by heating in air. 

• Metal waste 
Recycling has become commonplace in recent 
years (Figure 10 .1 8 ). Why should we really want 
to n:cycle metals? Certainly, if we extract fewer 
metals from the Earth then the existing reserves 
will last that much longer. Also, recycling metals 
prevents the creation of a huge environmental 
problem (Figure 10.19). H owever, one of the main 
considerations is that it sa,,cs money. 

Figure10.18 Aluminium can recycling. 

The main metals which arc recycled includ e 
aluminium and iron. Aluminium is saved by many 
households as drinks cans and milk bottle tops , 
to be melted down and recast. Iron is collected at 
community tips in th e fo rm of di scard ed household 
goods and it also fo rms a large part o f the materi als 
collected by scrap metal dealers. Iron is recycled to 
steel. Many steel-makin g fornaccs run mainly on 
scrap iron. 

Rusting of iron 

Figure 10.19 If we did not recycle metals, then this sight would be 
commonplace. 

Aluminium is especially easy to recycle at low 
cost. Recycling uses only 5% of the energy needed 
to extract the metal by electrolysis from bauxite . 
Approximately 60% of the European need fo r 
aluminium is obtained by recycling. 

• Rusting of iron 
After a period of time , objects made of iron o r steel 
will become coated with ru st. The rusting of iro n is 
a serious problem and wastes eno rm ous am ounts o f 
money each year. Estimates arc difficult to make, but 
it is thought that upwards of £ 1 billion a year is spent 
worldwide on replacing iron and steel structures . 

Rust is an oran ge-red powder consistin g mainly of 
hydrated iron(m ) oxide (Fc20 3 .xH 20 ). Both water 
and OX)'gcn arc essential for iron to ru st, and if one of 
these two substances is no t present then rusting will 
no t take place . The rustin g of iron is encouraged by 
salt. Figure 10.20 (p. 162) shows an experiment to 
show th at oxygen (from the air) and water arc needed 
fo r iron to rust. 

Rust prevent ion 
To prevent iron rusting, it is necessary to stop oxygen 
(from the air) and water coming into contact with it. 
There arc several ways of do ing this. 

Painting 
Ships, lorries, cars, bridges and many o ther iron 
and steel stru ctures arc painted to prevent rustin g 
(Figure 10 .21 ). H owever, if th e paint is scratched , 
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tube l tube 2 tube3 
(control 
experiment) 

d,y 
air 

dist illed anhydrous bo ileddistilled 
calcium chlo ride water (bo iled t o 
(d ry ing agent) remove any 

dissolved oxygen 
from the air) 

Figure 10.20 Rustingexperimentwithnails. 

tube 4 

pure 
oxygen 

~,, 
rusty 
iron nails 

Figure10.21 Paintingkeepstheairandwaterawayfromthesteelused 
to build a ship. 

the iron beneath it will start to ru st (Figure 10.22) 
and corrosio n can then spread und er the p;1intwork 
which is still sound . This is why it is essential that 
the paint is kept in good co ndition and checked 
regularly. 

Oiling/greasing 
The iron and steel in the moving parts o f machinery 
arc coated with o il to prevent tlu:m fro m coming 
into contact with air or mo isture. This is the 
m ost commo n way o f protecting m oving parts o f 
m achin ery, but the p rotective film must be renewed. 

Coating with plastic 
The exteriors o f refrigerato rs, freezers and m any 
o ther item s arc coated with plastic, such as PVC, to 
prevent the steel structure ru sting (Fig ure 10.23 ). 

Plating 
Cans for food can be m ade from steel coated with 
tin. The tin is d eposited on to the steel u sed to 
m ake food cans by dipping the steel into m o lten tin. 



Figure 10.23 A coating of plastic stops metal objects coming into 
contact with oxygen or water. 

Rusting of iron 

Some car bumpers, as well as bicycle handlebars, arc 
electroplated with chromillm to prevent rustin g. 
The chromium gives a decorative finish as wdl as 
protecting the steel be neath. 

Galvanising 
Some steel girders, used in the construction of 
bridges and buildings, arc galvanised. Coal bunkers 
and steel dustbins arc also galvanised. This involves 
dipping the object into mo lten zinc (Figure 10.24 ). 
The thin layer o f the more reactive zinc metal 
coating the steel o bject slowly corrodes and loses 
electrons to the iron, thereby protecting it. This 
process continues even when much of the layer o f 
zinc has been scratched away, so the iron continues 
to be protected. 

Figure10.24 TheBumleySingingRingingTreeisasculpturemade from 
galvanised tubes. 

Sacrificial protection 
Bars of zinc arc attached to th e hulls o f ships and 
to o il rigs (as shown in Figure 10.25a ). Zinc is 
above iron in the reactivity series and will react in 
preference to it and so is corroded. It fo rm s positive 
ions more readily than the iron: 

Zn(s) + Fc2+(aq ) --,. Zn2+(aq) + Fc(s) 

As long as some of the zinc bars remain in contact 
with th e iron stru cture, the stru cture will be 
protected from rusting . When the zinc runs out, 
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it must be renewed. Gas and water pipes m ad e o f 
iro n and steel arc connected by a wire to blocks o f 
magn esium to obtain the sam e result. In b o th cases, 
as the m o re reactive metal corrodes it loses electro ns 
to the iro n and so protects it (Figure 10.25b). 

a Barsofzinconthehullofaship. 

ship's hull 
made of steel 
(mainly iron) 

b The zinc is sacrificed to protect the steel. Electrons released from the 
dissolving zinc cause reduction tooccuratthesurfac:eofthehull. 

Figure10.25 Sacrificialprotection. 

Corrosion 
Rusting is the m ost common fo rm o f corrosio n but 
this term is confined to iron and steel. C o rrosion 
is the general nam e g iven to the process which 
takes place when m etals and alloys arc chemically 
attacked by oxygen , water o r any o ther substances 
found in their immediate environment. The m etals 
in the reactivity series will corrode to a greater or 
lesser extent. Generally, the high er the metal is in 
the reactivity series, the m ore rapidly it will corrod e. 
If sodium and potassium were no t stored under o il 
they would corrode very rapidly indeed. Magn esium , 
calcium and aluminium arc u sually covered by a thin 
coating o f oxide after initial reactio n with oxygen 
in the air. Freshly prod uced copper is pink in colo ur 
(Fig ure 5.1 6 a o n p. 81 ). H owever, o n exposure to 
air, it soon turns brown due to the fo rmatio n o f 
copper(n ) oxid e o n the surface o f th e metal. 

In m o re exposed en viro nments, copper roofs and 
pipes qui ckly becom e covered in verdigris. Verdig ris 
is g reen in colo ur (Fig ure 10.2 6 ) and is composed 
o f copper salts fo rmed o n copper. The composition 
o f verdigris varies depending o n the atm ospheric 
conditio ns, but includes mixed copper(n ) carbo nate 
and coppcr(n ) hydroxide (C u C 0 3 .C u(OH)i ). 

Go ld and platinum arc unreactive and d o no t 
corrode, even after thousand s o f years. 

Figure10.26 Verdigrissooncoverscopperroofs inexposedenvironments. 



Questions 
1 What is rust? Explain how rust forms on structures made of 

iron or steel. 
2 Rusting is a redox reaction. Explain the process of rusting in 

terms of oxidation and reduction (Chapter 5, p. 73). 
3 Design an experiment to help you decide whether steel 

rusts faster than iron. 
4 Why do car exhausts rust faster than other structures made 

of steel? 

• Alloys 
The majority of the metallic substan ces used today 
arc allo ys. Alloys arc mixtures o f two o r mo re metals 
and arc fo rmed by mixing molten metals thoroughly. 
It is generally found that all oying produces a metallic 
substance that has more useful properties than the 
o ri ginal pure metals it was made from . Fo r example, 
the alloy brass is mad e from copper and zinc. The 
all oy is harder and more corrosion resistant than 
either o f the metals it is mad e from. 

Steel , which is a mixture of the metal iron and 
the non-metal carbon, is also considered to be an 
all oy. Of all the alloys we use, steel is perhaps the 
most impo rtant. Many steels have been produced ; 
they contain not only iron but also carbon and 
o ther metals. Fo r example, nickel and chromium arc 
the added metals when stainless steel is produ ced 
( Figure I 0.27) . The chromium prevents th e steel 
from rusting while the nickel makes it hard er. 

Prod uction of st ee l 
The 'pig iron ' obtained from the blast furnace 
contains between 3% and 5% of carbon and o ther 
impurities, such as sulfor, sili con and phospho ru s. 
These impurities make th e iron hard and brittle. In 
o rd er to improve the quality o f the metal, most o f the 
impurities must be removed and in do ing thi s, steel is 
produced . 

The impurities arc removed in the basic oxygen 
process, which is the most important of th e steel ­
making processes . In this process: 

• Molten pig iron from the blast furnace is poured 
into the basic oxygen fornacc (Figure I 0.28 
p. 166 ). 

• A water-cooled ' lance' is introduced into the 
furnace and oxygen at 5- ISatm pressure is blown 
onto the surface of th e molten metal. 

Alloys 

Figure 10.27 A stainless steel exhaust s~tem. Why do you think more 
people are buying these exhaust systems? 

• Carbon is oxidised to carbon monoxide and carbon 
dioxide, while sulfur is oxidised to sulfur di ox ide. 
These escape as gases. 

• Silicon and phosphorus arc oxidised to silicon(1v) 
oxide and phosphoru s pcntoxidc, whi ch arc solid 
oxides. 

• Some calcium oxide (l ime) is add ed to remove 
these solid oxides as slag. The slag may be skimmed 
o r poured off the surface. 

• Samples arc continuously taken and checked fo r 
carbon content. When the required amount of 
carbon has been reached , the blast o f oxygen is 
turned off. 

The basic oxygen furn ace can convert up to 
300 tonnes of pig iron to steel per hour. Worldwide 
producti on by this process is 430 million tonnes . 

There arc various types of stcd that differ only 
in their carbo n content. The differing amounts o f 
carbon present confer different properties on the steel 
and th ey arc used fo r different purposes (T able 10.7). 
If o ther types of steel arc required then up to 30% 
scrap steel is added , along with o ther metals (such as 
tungsten ), and the carbon is burned off. 
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tap 
hole 

~exitforwaste gases 

_L 
water-cooled 

1-----"'<--- oxygen pipe 

\\ 

\> 
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of furnace 

hot molten pig iron and lime 

a Asectionthroughthebasicoxygenfurnace. 

Figure10 .28 

Table 10.7 Different types of steel. 

(or lance) 

furnace lining 

b Basicoxygenfumace. 

Steel Typical composit ion Propert ies Uses 

Mild steel 99.5% iron, 0.5% carbon Easily 'NOrked Car bodies, large structures, machinery 
Lost most of brittleness 

Hard steel 99% iron, 1 % carbon Tough and britt le Cutting tools, chisels, razor blades 

Manganese steel 87% iron, 13% manganese Tough, springy Drill bits, springs 

5tainles5steel 74% iron, 18% chromium, 8% nickel Tough, does not corrode Cutlery, kitchen sinks, surgical instruments, 
chemical plant reaction vessels 

Tungsten steel 95% iron, 5% tungsten Tough, hard, even at high temperatures Edges of high-speed cutting tools 

Stee l recyc ling 
The recycling o f scrap steel contributes 310 milli on 
tonnes to th e world supply o f the alloy - 750 millio n 
tonnes. It has been calculated that the energy savings 
arc equivalent to 160 millio n to nnes o f coal. Also, it 
has been calculated th at the raw materials conserved 
arc equivalent to 200 millio n to nnes o f iron o re . 

Alloys t o order 
Ju st as th e properties o f iron can be changed by 
all oying, so the sam e can be do ne with oth er useful 
m etals. M etallurg ists have desig ned alloys to suit a 
wide vari ety o f different uses . Many tho usands o f 
all oys arc now made, with the majority being 'tailor­
m ade' to do a particular jo b (Fig ure 10.29). 

Table 10.8 shows som e o f the m o re comm on 
all oys, together with som e o f their uses. 



aBronzeisoftenused in sculptures. 

b A polarised light micrograph of brass showing the distinct grain 
structure of this alloy. 

c Alloy structure. The dark circles represent atoms of a metal; the pale 
circles are the larger atoms of a different metal added to make the 
alloy. The different size of these atoms gives the alloy different physical 
properties from those of the pure metal. 

Figu re 10.29 

Alloys 

Table 10.8 Uses of common alloys. 

A lloy Composition u .. 

Brass 65%copper,35%zinc Jewellery,machine 
bearings, electrical 
connections,doorfurniture 

Bronze 90% copper, 10% tin Castings, machine parts 

30% copper, 70% nickel Turbine blades 
Cu pro-nickel 

75% copper, 25% nickel Coinage metal 

Duralumin 95% aluminium, 4% Aircraft construction, 
copper, 1 % magnesium, bicycle parts 
manganeseandiron 

Magnalium 70%aluminium,30% Aircraft construction 
magnesium 

Pewter 30%1ead, 70%tin, Plates,omamentsand 
a small amount of drinking mugs 
antimony 

Solder 70%1ead,30%tin Connecting electrical wiring 

Questions 
1 Calcium oxide is a base. It combines with solid, acidic 

oxides in the basic oxygen furnace. 

Write a chemical equation for one of these oxides reacting 

with the added lime. 
2 'Many metals are more useful to us when mixed with some 

other elements.' Discuss this statement with respect to 

stainless steel. 
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Check list 
After studying Chapter 1 O you should know and understand 
the following terms. 

• Alloy Generally, a mixture of two or more metals (for 
example, brass is an alloy of zinc and copper) or of a metal 
and a non-metal (for example, steel is an alloy of iron 
and carbon, sometimes with other metals included). They 
are formed by mixing the molten substances thoroughly. 
Generally, it is found that alloying produces a metallic 
substance which has more useful properties than the 
original pure metals it was made from. 

• Amphoteric hydroxide A hydroxide which can behave as 
an acid (react with an alkali) or a base (react with an acid), 
for example zinc hydroxide. 

• Blast furnace A furnace for smelting iron ores such as 
haematite (Fe20 3) and magnetite (FepJ to produce pig 
{or cast) iron. In a modified form it can be used to extract 
metals such as zinc. 

• Competition reactions Reactions in which metals 
compete for oxygen or anions. The more reactive metal: 
• takes the oxygen from the oxide of a less reactive metal 
• displaces the less reactive metal from a solution of that 

metal salt - this type of competition reaction is known as 
a displacement reaction. 

Corrosion The process that takes place when metals and 
alloys are chemically attacked by oxygen, water or any other 
substances found in their immediate environment. 

• Metal extraction The method used to extract a metal 
from its ore depends on the position of the metal in the 
reactivity series. 
• Reactive metals are usually difficult to extract. The 

preferred method is by electrolysis of the molten ore 
(electrolytic reduction); for example, sodium from molten 
sodium chloride. 

• Moderately reactive metals (those near the middle of the 
reactivity series) are extracted using a chemical reducing 
agent (for example carbon) in a furnace; for example, 
iron from haematite in the blast furnace. 

• Unreactive metals, for example gold and silver, occur in 
an uncombined (native) state as the free metal. 

Metal ion precipitation The reactions in which certain 
metal cations form insoluble hydroxides. The colours of 
these insoluble hydroxides can be used to identify the metal 
cations which are present; for example, copper(•) hydroxide 
isa blue precipitate. 
Ore A naturally occurring mineral from which a metal can 
be extracted. 
Reactivity series of metals An order of reactivity, 
giving the most reactive metal first, based on results from 
experiments with oxygen, water and dilute hydrochloric 
acid . 

• Recycling metals Metal drink cans such as those made 
of aluminium are collected in large 'banks' for the sole 
purpose of recycling them. Reusing the metal in this way 
saves money. 

• Rust A loose, orange-brown, flaky layer of hydrated 
iron(11) oxide found on the surface of iron or steel. The 
conditions necessary for rusting to take place are the 
presence of oxygen and water. The rusting process is 
encouraged by other substances such as salt. It is an 
oxidat ion process. 

• Rust prevention To prevent iron rusting it is necessary 
to stop oxygen and water coming into contact with it. The 
methods employed include painting, oiling/greasing, coating 
with plastic, plating, galvanising and sacrificial protection. 
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• Additional questions 
1 U se the following list o f metals to answer th e 

qu estio ns a to i: iro n, calcium, po tassium, go ld, 
aluminium, mag nesium, sodium, zinc, platinum, 
titanium. 
a Which o f th e metals is found native? 
b Which o f the metals is found in nature as the ore: 

( i) rock salt? (ii) rutild 
c W hich m etal has a carbo nate found in nature 

called chalk? 
d Which o f the metals will no t react with oxygen 

to fo rm an oxide? 
e Which o f th e metals will react vio lently with cold 

water? 
f C hoose o n e o f the m etals in your answer to e 

and write a balanced chemical equatio n fo r the 
reactio n which takes place. 

g Which o f th e metals has a protective oxide 
coating o n its surface? 

h Which o f th e metals reacts very slowly with co ld 
water but extremely vigorously with steam ? 

i Which of the metals is used to galvanise iron? 

Copper 

t 
heatinair(oxygen) 

Black solid A 
t 

heat w ith powdered magnesium 

Brown-pink solid B + 
w hite pow der C 

t 
di lu te hydrochloric acid 

Brown-pink solid B + 
colourless solution D + w ater 

filterandevaporatefiltrateto dryness 

Solid D 

t 
elect rolysisofmoltenD 

Silvery metal E + green gas F 

a Name and g ive the fo rmulae o f the substances A 
to F. 

b Write balanced chemical equatio ns fo r the 
reactio ns in which: 
(i) black solid A was form ed 
(ii ) white powder C and brown- pink solid B 

were form ed 
(iii) colourkss solutio n D was fo rmed. 

c The reactio n between black solid A and magnesium 
is a rcdo x reaction. With rdCrcncc to this reaction , 
explain what you understand by this statement. 

d VVritc ano de and cathod e reactio ns fo r the 
processes which take place durin g th e el ectrolysis 
of m olten D. 

e Suggest a use fo r: 
(i) brown- pink solid B 
(ii ) silvery m etal E 
(iii) grcen gas F. 

3 Explain the following: 
a metal s such as gold and silver occur native in th e 

Earth 's cru st 
b the parts o f shipwrecks mad e o f iron rust m ore 

slowly in deep water 
c zinc bars arc attached to th e structure o f oil rigs 

to prevent them fro m rusting 
d copper roofs quickly becom e covered with a 

g reen coating when exposed to the atm osphere 
e recycling m etals can save m o ney. 

4 Iron is extracted fro m its ores haematite and 
magnetite. U sually it is extracted from haematite 
(iron(m ) ox ide ). The o re is mixed with limesto ne 
and coke and reduced to the m etal in a blast 
furnace. The following is a brief outline o f the 
reactio ns involved . 

co ke + oxygen --,. gas X 
gas X + coke --,. gas Y 

iro n(m ) oxide + gas Y --,. iron + gas X 

a Name the gases X and Y. 
b Give a chemi cal test to identify gas X. 
c Write balanced chemical equatio ns for the 

reactio ns shown above. 
d The add ed limestone is involved in the fo llowing 

reactio ns: 

limestone --,. calcium oxide + gas X 
calcium oxide+ sili con(w ) oxide --,. slag 

( i) Give the chemical names for limestone and slag. 
(ii ) Write balanced chemical equatio ns fo r the 

reactio ns shown above. 
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(iii)Why is the reaction between calcium oxide 
and silicon(1v) oxide called an acid-base 
reaction? 

(iv) Describe what happens to the liquid iron 
and slag when they reach the bottom of the 
furnace. 

e Why do you think that the furnace used in the 
extraction of iron is called a blast furnace? 

5 The iron obtained from the blast furnace is known 
as pig or cast iron. Because of the presence of 
impurities, such as carbon, it has a hard and brittle 
nature. Most of this type of iron is therefore 
converted into steel in the basic oxygen process. 
During this process either all or some of the carbon 
is removed. Calculated quantities of other elements 
;1n: then added to produce the required type of steel. 
a Explain the meaning of the term alloy as applied 

to steel. 
b Name two impurities, other than carbon, which 

arc present in cast iron and which arc removed 
completely during the sted manufacture. 

c Describe the method of stcd manufacture used 
which removes the impurities referred to in b. 

d Name two metallic dcmcnts which may be 
added to the basic oxygen furnace to produce 
different varieties of steel. 

e Give two uses of stainless steel. 
f Give two advantages of stainless steel compared 

with cast iron. 

6 The metal titanium is extracted from its ore rutilc 
(T;O, ). 
a Describe the processes involved in the extraction 

of titanium from rutilc. 
b Name the area of the Periodic Table in which 

titanium is found. 
c The final part of the process involves the 

fo ll owing reaction: 

T;CJ4(1) + 4No(I) - 4NaCl(s) + T;(,) 

( i) Calculate the quantity of titanium produced 
from 19 trnmcs oftitanium(rv) chloride 
(T;CJ4 ) . 

(ii) How much sodium would have to be used 
to extract the titanium from the 19 tonnes 
ofTiC14 used in ( i )? 

d Give two uses of titanium metal. 

7 Zinc can be reacted with steam using the apparatus 
shown. When gas A is collected, mixed with air 
and ignited it gives a small pop. A white solid B 

remains in the test tube when the reaction has 
stopped and the apparatus cooled down. 

rocksilwool 
soaked in 

a Name and give the formula of gas A. 

A 

b (i) Name the product formed when gas A 
burns in air. 

(ii) Write a balanced chemical equation for this 
reaction. 

c (i) Name white solid B. 
(ii) Write a balanced chemical equation to 

represent the reaction between magnesium 
and steam. 

d Name two other metals which cou ld be safely 
used to replace zinc and produce another sample 
of gas A. 

e When zinc reacts with dilute hydrochloric 
acid, gas A is produced again. Write a balanced 
chemical equation to represent this reaction and 
name the other product of this reaction. 

8 Copper is extracted in the final stage by roasting 
copper(r) sulfide (Cu2S) in a current of air. This 
converts the sulfidc to the metal. 

Cu2S(s) + 0 2(g) - 2Cu(s) + S02(g) 

a (i) What is the name of the chemical process 
by which copper(!) sulfid e is converted to 
copper? 

(ii) At what temperature docs this process take 
place? 

b It is a very expensive business to maintain the 
high temperature needed to efficiently convert 
copper(1 ) su lfid c to copper. H ow arc the heating 
costs offset? 

c Calculate the quantity of copper(r) sulfidc 
required to produce 1270 tonnes of copper. 
(A,c O ~ 16; S ~ 32, Cu ~ 63.5 ) 

d For use in electrical wiring, the copper must 
be 99.99% pure. H ow is th e copper purified to 
obtain this high purity? 



@ Air and water 

The air 
How did our atmosphere form? 
The structure of the atmosphere 
The composition of the atmosphere 

How do we get the useful gases we need from the air? 
Some uses of the gases from the air 

Ammonia - an important nitrogen-containing chemical 
Making ammonia 
Making ammonia in the laboratory 
Physical properties of ammonia 
Chemical properties of ammonia 

Artificial fertilisers 
Manufacture of ammonium nitrate 
The nitrogen cycle 
Problems with fert ilisers 

In this chapter we will stLJdy the gaseolls mixture 
we know as the air ( or atmosphere) and the most 
important and plcntifol liquid on this planet, water. The 
importance of air and water is not in doLJbt. Wtthollt 
either of these, liti:: would no t be possible on Earth! 

The gases in the air arc held in an envelope 
arollnd the Earth by its gravity. The atmosphere 
is approximately l 00 km thick (Figure 11. l ), and 
abollt 75% of th e mass of th e atmosphere is found in 
the layer nearest the Earth called the troposphere 
( Figure 11.2). Beyond this layer, the atmosphere 
reaches into space bLJt becomes extremely thin. 
Nearly all atmospheric water vapour (or moisture) 
is found in th e troposphere, which also contains the 
liqllid water in the oceans, rivers and lakes. 

Figu re 11.1 Thelighterblueshov.stheextentoftheatmospherearound 
the Earth~ approximately 100 km. 

Atmospheric pollution 

Water 
The unique properties of water 

The water cycle 

Hardness in water 
Effect of hard water on soap 
Removal of hardness 

Water pollution and treatment 
Making water fit to drink 
The 'iron problem' 
Sewage treatment 

Checklist 

Additional questions 
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Figu re 11.2 TheEarth'satmosphere. 

• The air 
How did our atmosphere form? 
Abollt 4500 million years ago the Earth was 
formed. Over a period of time, th e Earth cooled 
to become a mo lten mass L1pon which a thin crust 
formed. Volcanic activity th rollgh the cru st pllshed 
Ollt hu ge qLJantities of gases, sLJ ch as ammonia, 
nitrogen , methane, carbon m onox ide, carbon 
diox ide and a small amollnt ofsulfor dioxide, 
which formed an atmosphere around the Earth 
(Figure 11.3 ). 
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Figure 11.3 Volcanic activity like this expelled gases through the crust 
toformasecondaryatmosphere. 

About 3800 milli on years ago, when th e Earth 
had cooled below 100 °C, the water vapour in this 
atm osphere condensed and fdl as rain. This caused 
the fo rmatio n o f the first oceans, lakes and seas o n 
the now rapidly cooling Earth. Eventually, early 
fo rms o flifc develo ped in th ese oceans, lakes and 
seas at d epths which prevented po tentially harmfol 
ultr..wiolct li ght from the Sun aftCcting them . 

About 3000 million years ago the first fo rms of 
bacteria appeared , fo llowed by algae-like o rganism s 
(Figure 11.4 ). 

The process o f ph o tosynthesis can be d escribed 
by the followin g eq uatio n : 

carbon + water ,:~::::u • glucose + oxygen 
dioxide 
6C02(g) + 6H20(1) ---------,.. C6H 120 6(aq) + 60i(g) 

Figure 11.4 Thisalgaeisrelatedtothatearlyorganismproducedall 
thoseyearsagol 

These o rganism s used the lig ht fro m the Sun 
to produce their own food, and o xygen was 
released into th e atmosphere as a waste produ ct o f 
photosynthesis. This process also acted to reduce 
the am o unt o f C02 in the atm osphere. 

The ultravio let radiation now broke d own some o f the 
oxygen molecules in the stratosphere ( the level above the 
troposphere, sec below), and some of the oxygen atoms 
produced fo rmed ownc m olecules, O J(g). Ozone is an 
unstable molecule which readily decomposes under the 
action of ultraviolet radiation. H owever, som e of these 
07..onc molecules then rc-fonn . 

O zone is an impo rtant gas in the upper atm osphere 
because it prevents harmful ultraviolet radiatio n from 
reaching the Earth. Over m any millio ns of years, the 
am mmt o f ultravio let radiatio n reaching the Earth's 
surface was reduced significantly. 

About 400 million years ago the first land plants 
appeared o n the Earth and so the amount o f oxygen , 
and hence ozone, increased. 

Oxygen is a reactive gas and , over milli ons o f 
years, o rganism s have ad apted to m ake use o f it. 
The oxygen fro m the atmosphere was used , alo n g 
with the carbon they o btained fro m th eir food , to 
produ ce en ergy in a process known as resp ira tio n. 
The process o f respiration can be represented as : 

glucose + oxygen --> carbon + ·water+ energy 

dioxide 

The atmosphere as we know it therefore took a very 
lo ng tim e to d evelo p to what it is today. 



Over recent years, scientists have become aware 
of a reduction in the amo unt of ozone in our 
atmosphere and of the fo rmation of 'ozone hok s' 
in the stratosphere (Figure 11 .5 ). The redu ction 
of ozone in our atm osphere has led to an increased 
risk of skin cancer as more hannfol ultraviolet 
radiation has reached the surface of th e Earth . This 
is a different type of problem fro m the greenhouse 
effect and associated g lobal warming, which is 
ca used mainly by an increase in the amount of 
carbon dioxide in the atm osphere. For a farther 
discussion of the greenhouse effect and g lobal 
warming sec p. 212 . 

0 100 200 300 400 500 600 70() 
TotalOzone(Dobsonun~s) 

Figure 11 .5 This diagram comes from NASA's ozone monitoring 
programme TOMS (Total Ozone Mapping Spectrometer). The ozone hole 
overthe Antarctic (shov,,ninpurpleandpinkonthediagram)islargest 
in the Antarctic spring. Note: Dobson Units are a measure of the total 
amount of ozone in a vertical column from the ground to the top of the 
atmosphere. 

Questions 
1 Produce a t ime line for the formation of the atmosphere, 

starting with the formation of the Earth 4500 million 
years ago. 

2 Use your research skills to find out: 
a more about the ozone hole problem 
b what precautions are necessary to prevent an increase in 

skin cancers. 

The air 

The structure of the atmosphere 
The atmosphere is 100km thick (Figures 11.1 and 
11.2 ) and it is divided into four layers: 

• t roposphere 
• stratosphere 
• mesosphere 
• thcrmosphcrc. 

The gases in the atm osphere arc held in an envelope 
around the Earth by its g ravity. Abo ut 75% of the 
mass of the atmosphere is found in the layer nearest 
the Earth called the troposphere. Beyond this layer, 
the atmosphere reaches into space but it becomes 
ex tremely thin beyond the mesosphere . 

The composition of the atmosphere 
If a sample of dry, unpolluted air was taken from 
any locati on in the t roposphere and analysed, th e 
composition by vo lume of th e sample would be 
simil ar to th at shown in Table 11.1. 

Table 11.1 Composition of the atmosphere. 

Component % 

Nitrogen 78.08 

Oxygen 20.95 

Argon 0 .93 

Carbon dioxide 0.04 

0 .002 

Helium 0 .0005 

Krypton 0.0001 

Xenon plus minute amounts of other gases 0 .00001 

Measuring the percentage of oxygen in the 
atmosphere 
Wh en 100cm 3 of air is passed backwards and 
fo rwards over heated copper turnings it is found th at 
the amount of gas decreases (Figure 11.6 ). This is 
because the reactive part o f the air, th e oxygen gas , 
is reacting with th e copper to fo rm black coppcr(11 ) 
oxide (Figure 11.7 ). In such an ex periment, the 
volume of gas in th e syringe decreases from 100 cm 3 

to about 79 cm3, showing that the air contained 
21 cm 3 of oxygen gas . The percentage of oxygen gas 
in the air is: 

2!._ x 100 =21 % 
100 
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100cm3 ofa irispushed 
out of this syringe 

across hot 
copper 

into this 
syr inge 

--~ ======l_j_J_I l_j_JI l_i_l ul l_j_JI tl =:"'1™~. ii!'iH:= =llL'tll ±JI 1±1 <±I 1±±11==== 

a ir is passed backwards a nd forwa rds 
ac ross the copper, which turns black 

eventua lly the volume of 
air st ops getting smaller 

heat 

heat 

t he volume of a ir gets sma ller 
a nd sma ller 

t he volume of remaining air 
is measured 

Figure 11.6 This apparatus can be used to find out the volume of oxygen gas in the air. 

Figure 11.7 Copper turnings before and after reaction. 

The compositio n o f the atmosphere is affected by the 
followin g factors: 

• respiratio n 
• pho tosynthesis 
• volcanic activity 
• radioactive decay, in which helium is formed 
• human activity, involving burning of fossil fu els, in 

which carbon dioxide and water vapour arc produced 
as well as other gases (Chapter 6, p. 92 ). Human 
activity o f this kind has given rise to an increase in the 
am ount o f carbon dioxide in the atmosphere over 
the last 200 years in particular. 

Compare the com ponents o f o ur atm osphere with 
those o f the o ther p lanets in the solar system (as 
shown in Table 11 .2). 

Table 11.2 Atmospheres of the other planets* in the solar system. 

Planet Atmosphere 

Mercury No atmosphere - the gases were burned off by the heat 
of the Sun 

Venus Carbon dioxide and sulfur dioxide 

Mars Mainly carbon dioxide 

Jupiter Ammonia, helium, hydrogen, methane 

Saturn Ammonia, helium, hydrogen, methane 

Uranus Ammonia, helium, hydrogen, methane 

Neptune Helium, hydrogen, methane 

"'Pluto is no longer recognised as a planet . 

Questions 
1 Draw a pie chart to show the data given in Table 11 .1. 
2 Is air a compound or a mixture? Explain your answer. 
3 Design an experiment to find out how much oxygen there 

is in exhaled air. 

• How do we get the 
useful gases we need 
from the air? 

Air is th e m ajor source o f oxygen , nitrogen and the 
no ble gases. Tl1 c gases arc o btained by fractional 
distillatio n o fliquid air but it is a complex process, 
involvin g several different steps (Fig ure 11.8). 



Figure 11.8 Large amounts of gases are obtained from the fractional 
distillationof liquidairinindustrialplantssuchas this. 

• The air is passed through fine filters to remove du st. 
• The air is cooled to about - 80 °C to remove water 

vapour and carbon dioxide as solids. lf these arc no t 
removed , then serious blockages of pipes can result. 

• Next, the cold air is compressed to a.bout 100 atm 
of pressure. This warms up the air, so it is passed 
into a. heat exchanger to cool it down again. 

• The cold , compressed air is allowed to expand 
rapidly, which cools it still furth er. 

• The process o f compressio n fo ll owed by 
expansio n is repeated until the air reaches a 
temperature below - 200 °C. At this temperature 
the majority of the air liquefies (Table 11. 3 ). 

Table 11.3 Boiling points of atmospheric gases. 

Gas Boiling point/°C 

Helium -269 

Nroo -246 

Nitrogen -196 

Argon -186 

Oxygen -183 

Krypton -157 

Xenon -108 

How do we get the useful gases we need from the air? 

• The liquid air is passed into a. fractionating 
column and it is fractionally distilled. The gases 
can be separated because they have different 
boiling points. 

• The gases arc then sto red separately in large tanks 
and cylinders. 

It should be no ted that th e no ble gases neon, argon, 
krypton and xenon a.re obtained by this meth od; 
however, helium is more profitably obtained from 
natural gas. 

Questions 
1 Use informat ion given in the text to construct a flow 

chart to show the processes involved in the extract ion of 

gases from air. 

2 Why do you t hink that it is more profitable to obtain 
gases like helium from nat ural gas? 

3 Which gas would be the first to evaporate from liquid 

air, and which t he last, if the lowest temperature in t he 
process is -250°C? 

Some uses of the gases from the a ir 
O ur everyday life would no t be th e same without the 
gases we obtain from the air. Ta. bks 11.4 and 11.5 
show some of these uses . 

Table 11.4 Uses of oxygen and nitrogen from the air. 

Gas Uses 

Oxygen • In steel production (Chapter 10, p. 165) 

• lnweldingtoproduceveryhotflames 

• lnhospitalsbypatientswithbreathingdifficulties 
{Figure 11.9) 

• 8ymountaineersanddivers 

• lnhydrogen--oxygenfuelledrockets 

• Byastronautsonspacemissionsandby fi re-fighters 

• lnfuelcells 

• To restore life to polluted lakes and rivers 

Nitrogen • In the production of ammonia by the Haber process 
{see p. 176); the ammonia is then used to make 
nitricacid,whichisusedinthemanufactureof dyes, 
explosives and fertilisers 

• lnliquidform,as a refrigerant 

• As an inert atmosphere for some processes and 
chemicalreactions,becauseofitsunreactivenature; 
for example, empty oil tankers are filled with nitrogen 
to prevent fires 

• In food packaging to keep the food fresh, for example 
incrisppacketswhereitalsopreventsthe crispsbeing 
crushed(Figure 11.10) 
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Table 11.5 Usesofthenoble gases. 

Gas Boiling point/0
( 

Argon • To fill the space betv.een the panes of modern double 
glazing units 

• To provide an inert atmosphere in arc weld ing and in 
theproductionoftitaniummetal 

• Toa decreasing extent, tofillincandescentlightbulbs 
(it prevented the tungsten filament from reacting with 
oxygen intheairandformingthe oxide) 

Neon • In advertising signs, because it glows red when 
electricityispassedthroughit 

• lnthehelium-neongaslaser(Figure 11.11) 

• lnGeiger--MUllertubes,whichareusedforthe 
detection of radioactivity 

Helium • To provide an inert atmosphere for welding 

• Asa coolant in nuclear reactors 

• With20%oxygen,asabreathinggasfordeep-seadivers 

• To inflatethetyresoflargeaircraft 

• Tofillairshipsandweatherballoons{Figure 11.12) 

• lnthehelium-neonlaser 

• In k>w-temperature research, because of it5 k>w boil ing 
point 

Krypton • In lamps used in photographic flash units 

• In stroboscopic lamps 

• lnlampsusedinlighthouses 

Figure 11.9 lncubatorshavetheirownoxygensupplyforbabies. 

Figure 11.10 lnertnitrogengasisusedinfoodpackaging. 

Figure 11.11 Ahelium--neonlaserused ineyesurgery. 

Questions 
1 How does oxygen help to restore life to polluted lakes? 
2 Why is it important to have nitrogen in fertilisers? 
3 Why is helium needed to produce an inert atmosphere for 

welding? 

• Ammonia - an 
important nitrogen­
containing chemical 

Nitrogen fro m the air is used to manufacture 
ammo nia, a very impo rtant bulk chemic.."ll. A bulk 
chemical is o ne that , because o f its large usage 



across a range o f uses, is produced in very large 
quantities . The m ajo r process used fo r making 
ammo nia is the Haber process. This process was 
developed by the German scientist Fritz H aber in 
19 13 (Figure 11.1 3 ). H e was awarded a N obel Pri ze 
in 19 18 fo r his work. The process involves reactin g 
nitrogen and hyd rogen . It was first develo ped to 
satisfy the need fo r explosives durin g World War I, as 
explosives can be made fro m amm onia. We now have 
many m o re uses fo r this important gas including the 
m anufac ture o f nitric acid and o f fertilisers such as 
ammo nium nitrate. 

Figure 11 .13 FritzHaber(1868---1934). 

Obt aining nitrogen 
The nitrogen needed in the H aber process is 
o btained from the atmosphere by fractional 
distillatio n o f liquid air (p . 174 ). 

Obtaining hydrogen 
The hyd rogen needed in the H aber process is o btained 
fro m the reactio n bew ccn methane and steam . 

methane + steam ~ hydrogen + carbon monoxide 
CHis) + H 20 (g) ~ 3H i(g) + CO(g) 

This process is known as s team re-fo rming. 

Ammonia - an important nitrogen-containing chemical 

This reactio n is a reversible reacti o n and special 
conditio ns arc empl oyed to ensure th at the reaction 
proceeds to th e ri ght (the forward reactio n), 
producing hydrogen and carbon m onox ide. The 
p rocess is carried out at a temperature o f 750 °C, at a 
pressure o f 30 atmospheres with a catalyst o f nickel. 
These conditio ns enable the maximum am o unt o f 
hyd rogen to be produced at an economic cost. 

The carbon m onox id e produ ced is then all owed 
to reduce som e o f the unrcactcd steam to produce 
m o re hydrogen gas. 

carbon + steam ~ hydrogen + carbon 
m o noxide dioxide 

CO(g) + H20 (g) c,=' H2(g) + C02(g) 

Making ammon ia 
In the H aber process, nitrogen and hyd rogen in 
the correct proportio ns ( l : 3 ) arc pressurised to 
approx imately 200 atm ospheres and passed over a 
catalyst o f freshly produ ced , finely divid ed iron at 
a temperature o f between 350 °C and 500 °C. The 
reacti on in th e H aber p rocess is: 

nitrogen + hyd rogen ~ ammo nia 
N2(s) + 3H i(g) ~ 2NHis) M1= -92 kJmoJ- 1 

The reaction is exothermic. 
The industrial conditions employed ensure that 

sufficient ammo nia is produced at a fast eno ugh rate. 
The principl es which und erpin equilibrium p rocesses 
such as this arc discussed below and in Chapter 12 
( the Contact process fo r manu facturing sulfuric acid , 
p. 199). 

U nd er th ese conditions the gas mixture leaving 
the reaction vessel contains abo ut 15% ammonia, 
which is rem oved by coolin g and condensing it as 
a liquid. The unrcactcd nitrogen and hyd rogen arc 
re-circulated into th e reactio n vessel to react together 
o nce more to produce fu rther q uantities of ammonia. 

The 15% o f amm o nia prod uced does no t seem a 
great deal. The reason for this is the reversible nah1rc 
o f the reaction . O nce th e ammo nia is m ade fro m 
nitrogen and hyd rogen , it decomposes to produce 
nitrogen and hyd rogen. There com es a point when 
the rate at which the nitrogen and hyd rogen react 
to produce amm onia is equal to the rate at which 
the ammonia deco mposes. This situatio n is called a 
chemical equilibrium. Because the p rocesses 
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Figure 11 .14 Yields from the Haber process. 
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continm: to happen, the equilibrium is said to be 
dynamic. The conditions used ensure th at the 
ammo nia is m ade economically. Fig ure 11 .14 shows 
how the percentage o f ammo nia produced varies 
with the use o f different tem peratures and pressures. 

Yo u will no tice that the hig her the pressure and 
the lower the temperature used , the mo re ammo nia 
is produced . Relationships such as this were initially 
observed by H enri Le Chatdicr, a French scientist , 
in 1888 (Figure 11.15 ). He noticed that if the 
pressure was increased in reactions involving gases, 
the reactio n which produced the tCwcst mo lccuks of 
gas was favoured. If you look at the reactio n fo r the 
H aber process you will see that, going from left to 
right, the number of m olecules of gas goes from four 
to two. This is why the Haber process is carried out at 
hig h pressures. Le Chatdicr also noticed that reactio ns 
which were exothennic produced more products 
if the temperature was low. Indeed , if the Haber 
process is carried o ut at room tem perature you get a 
hig her percentage o f ammo nia. H owever, in practice 
the rate of the reaction is lowered too much and the 
ammonia is not produced quickly eno ugh fo r the 
process to be economical. An optinum1 temper.iture 
is used to produce eno ugh ammonia at an acceptable 
rate . It should be noted , however, that the increased 
pressure used is very expensive in capital terms 
and so alternative, less expensive routes involving 
biotechno logy arc being sought at the p resent time. 

Figure 11.15 HenrileChatelier(lSS0-1936). 

Worldwide, in excess o f 140 millio n to nnes o f 
ammo nia arc prod uced by the Haber process 
each year. 

Quest ions 
1 What problems do the builders of a chemical plant to 

produce ammonia have to consider when they start to 
build such a plant? 

2 What problems are associated with building a plant 
which uses such high pressures as those required in the 
Haber process? 

Making ammon ia in t he laboratory 
Sm all quantities o f ammo nia gas can be produ ced 
by heatin g any ammo nium salt, such as ammo nium 
chl o ride, with an alkali , such as calcium hyd roxide. 

calcium + ammonium --+ calcium + water + ammonia 

hydroxide chloride chloride 

Ca(OH )i{,) + 2NH1.CI(,) --+ CaCli(,) + 2 H20 (s) + 2NH 3(s) 

Water vapour is rem oved fro m the ammo nia gas 
by passing the gas fo rmed th roug h a drying tower 
containing calcium oxide (Fig ure 11.1 6). 



mixture of dry solid 
ammonium chloride 
and calcium hydroxide 

Figure 11.16 Laboratory production of ammonia gas. 

dry ammonia 

This reaction fo rms th e basis o f a chemical test to 
show that a compound co ntains the ammonium ion 
(NH/ ). If any compound containing the ammonium 
ion is heated with sodium hyd roxide, ammonia gas is 
given off which turns damp red litmus paper blue. 

Physical properties of ammonia 
Ammonia (Figure 11.1 7) : 

• is a colourless gas 
• is less dense than air 
• has a sharp o r pungent smell 
• is very soluble in water with about 680 cm 3 of 

ammonia in each l cm 3 o f water (at 20 °C ). 

Ammonia - an important nitrogen-containing chemical 

Figure11.17 Theammoniamolecule. 

Chemical properties of ammonia 
The reason ammonia is so soluble in water is that 
some of it reacts with the water. The hi gh solubility 
can be shown by the 'fountain flask experiment' 
(Figure 11 .18, p. 180 ). As th e first d rop of water 
reaches the top of the tube all the ammonia gas in 
the fl ask dissolves, creating a mu ch redu ced pressure. 
Water then ru shes up the tube to fill the space once 
occupied by the dissolved gas . Thi s creates the 
fountain. 

If the water initially contained some universal 
indicato r, then you would also sec a change from 
green to blue when it comes into contact with 
the dissolved ammonia. This shows that ammonia 
solution is a weak alkali, altho ugh dry ammonia gas 
is no t. This is because a little o f the ammonia gas has 
reacted with the water, p roducing ammo nium ions 
and hydroxide ions. The hyd roxide ions produced 
make th e solution of ammonia alkaline. 

ammonia + water ~ ammonium + hydroxide 
ions ions 

NH3(g) + H 20 (1) ~ NH; (,q) + OH-(,q) 

The solution is only weakly alkaline because of the 
reversible nature of this reaction , which results in 
a relati vely low concentration of hyd roxide ions. 
Ammonia gas di ssolved in water is usuall y kn own as 
aqueous ammonia . 

Aqueous ammonia can be used to identify salts o f 
C u1+, Fe1+, Fc3+, AJ3+, Zn1+, C r3+ and Ca1+ ions. The 
colour of the precipitate or solution fo rmed identifies 
the metal present (Table 11.6 ) . 
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'fountain' 

ammonia solution - the purple 
colour is produced by the alka line 
solution formed interacting with 
the indicat or 

wat er+universa l 
indicat or solution 

Figure 11.18 The fountain flask experiment. 

Table 11.6 Identifying metal ions u5ing aqueous ammonia. 

Meta l ion With afew drops of W ith excess ammonia 
ammon ia so lution so lut ion 

Cu2-'-(.tqj Gelatinous blue Precipitatedissolvestogivea 
precipitate deep blue solution 

Fe1+(aq) Dirty green precipitate Dirty green precipitate remains 

Fe3+(aq) Rust brown precipitate Rust brown precipitate remains 

Al3"'(aq} White precipitate White precipitate remains 

zn2+(aq) White precipitate White precipitate dissolves to 
give a colourless solution 

Ca2+{;,q) Faint white precipitate Faint white precipitate remains 

Cr3~(aq) Light green precipitate Precipitate dissolves to some extent 

Questions 
1 Calcium oxide is used to dry ammonia gas in its laboratory 

preparation. Write a word and balanced chemical equation 
to show how calcium oxide can react with the water 
vapour to remove it from damp ammonia gas. 

2 Explain why ammonia gas only acts as a weak alkali in the 
presence of water. 

3 Describe how you could use aqueous ammonia to 
distinguish between three unlabelled bottles containing 
solutions of Al1+(aq), Ca2+(aq) and Cu2+(aq). 

• Artificial fertilisers 
Some of the ammonia produ ced by the Haber process 
is used to produce nitric acid . If ammonia is th en 
reacted with th e nitric acid , we have the basic reaction 
for the production of many artificial fertili sers. The 
use of artificial fe rtilisers is essential if farmers arc to 
produce sufficient crops to feed the ever-increasing 
world population. Crops remove nutrients from the 
soil as th ey grow; these include nitrogen, phosphorus 
and potassium. Artificial fertili sers arc added to the 
soil to replace th ese nutrients and others, such as 
calcium, magnesium, sodium, sulfor, copper and 
iron. Examples of nitrogenous fertili sers (those which 
contain nitrogen) arc shown in Table 11.7. 

Table 11.7 Some nitrogenous fertilisers. 

Fert iliser Formu la 

Ammonium nitrate 

Ammonium phosphate 

Ammoniumsulfate 

Urea 

Artificial fe rtilisers can also make fertile land which was 
once unable to support crop growth. The fertilisers 
w hich add the three main nutrients (N, P and K) arc 
call ed NPK fertilisers . They contain ammonium nitrate 



(NH4N03) , ammonium phosphate (( NH 4h P04 ) 

and potassium chloridt: (KC!) in varying proportions 
(Figure 11 .19 ). Ft:rtilist:rs havt: an important rolt: in 
the nitrogen cycle (set: below). 

a Different fertilise~ contain differing amounts of the elements nitrogen, 
pho!;l)horusandpotassium. 

green N ~ 
fo liage 

st ro ng p V 
roots 

hea lt hyK ! 
growth 

b The different NPK elements are responsible for the healthy growth of 
plants in different ways. 
Figure11.19 

Figure11.21 The nitrogencycle. 

Artificial fertilisers 

Manufacture of ammonium nitrate 
Ammonium nitr.i. tt: (Nitram®) is probably the most 
widely used nitrogenous fe rtiliser. It is manu factured 
by reactin g ammonia gas and nitric acid . 

ammonia + nitric acid 
NH ,(g) + HN0 3(,q) 

The nitrogen cycle 

ammonium nitrat t: 
NH4N03(,q) 

Tht: vital importance of nitrogen to both plants and 
animals can bt: summarist:d by th t: nitrogen cycle 
(Figure 11.21 ). 

*Nitrogen fixation is the direct use of atmo!;l)heric nitrogen in the formation of important compounds of nitrogen. Bacteria present in the root 
nodules of certa in plants are able to take nitrogen directly from the atmosphere to form essential protein molecules. 
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If farm crops an: harvested from the land rather 
than left to decay, the soil becom es defi cient in this 
important ckmcnt. The nitrogen is rem oved in the 
harvested crops rather than remaining as the plants 
decay. In additio n, nitrates can be washed fro m th e 
soil by the action of rain (leaching). For the soil to 
remain fertile for the next crop, the nitrates need to 
be replaced. The natural process is by decay or by the 
actio n o f lightning on atmospheric nitrogen. Without 
the decay, however, the latter process is n ot efficient 
eno ugh to produce nitrates o n the scale required. 

Farmers o ften need to add substances containing 
these nitrates. Such substances include farm yard 
m anure and artificial fe rtilisers . One o f the most 
comm only used artificial fertili sers is ammonium 
nitrate, which as you saw earlier is made from 
ammo nia gas and nitric acid , bo th nitroge n­
containing compo und s. 

Prob lems w ith f ertilisers 
If artificial fertilisers o f all kind s are no t used 
correctly, pro bkms can arise . If too mu ch fertili ser is 
applied to the land , rain washes the fertili ser o ff the 
land and into rivers and streams. This leaching leads 
to eutrophic."ltio n by encourag ing the growth of algae 
and marine plants. As the algae die and decay, oxygen 
is removed fro m the water, leaving insufficient am ounts 
for fish and other organisms to survive (Figure 11.22). 
ln extrem e cases, no normal aquatic life can survive . 
There arc also worries about the effect o f agricultural 
fertilisers, especially nitrates, on the public water supply. 
There is evidence that the fertili ser sodium nitrate 
is implicated in infant brain damage, and it is also 
suspected o f being carcinogenic. 

Figure 11.22 Over-useof fertilisershasledtoeutrophicationinthisriver. 
Oxygen is removed from the water and organisms cannot survive. 

Questions 
1 Calculate the percentage of nitrogen in each of the four 

fertilisers in Table 11 .7. {A,: H = 1; N = 14; O = 16; P= 31 ; 
5 = 32) 

2 Write down a method that you could carry out in a school 
laboratory to prepare a sample of ammonium sulfate fertiliser. 

3 Use your research skills to find out about the process of 
producing nitric acid by the oxidation of ammonia . Include 
in your answer key chemical equations and also refer to the 
major uses of this acid. 

• Atmospheric pollution 
The two maj o r resources considered in this chapter, 
water and air, arc essential to our way o flifc and 
o ur very existence. Water and air make up the 
enviro nment o f a living o rganism . The enviro nment 
is everything in the surroundin gs o f an organism 
that could possibl y influence it. Humans co ntinu ally 
po llute these resources. We now look at the effects 
o f the vari ous sources of pollution o f the air and at 
the m etho ds used to co ntro l o r eliminate them. Fo r a 
discussio n o f water pollutio n , sec p . 190. 

Air pollution is all a.round us. Concentrations of gases 
in the atmosphere such as carbon mo noxide, sulfur 
dioxide and nitrogen oxides arc: increasing with the 
increasing population. As the populatio n rises there is 
a consequent increase in the need fo r energy, industries 
and m otor vehicles. These gases arc produced primarily 
from the combustio n o f the fossil fods coal, o il and gas, 
but they arc: also produced by the sm oking o f cigarettes. 

Mo tor vehicles arc respo nsible fo r mu ch o f the air 
po llutio n in large towns and cities . They produce 
four particularly harmful pollutants: 

• carbon mo noxide - toxic gas 
• sulfur dioxide - major irritant and constituent o f 

acid rain 
• hydrocarbons - carcinogeni c 
• oxides o f nitrogen - maj or irritant, acid rain and 

photochemi cal smog 
• lead compo und s - to xic. 

Nitrogen m o no xide is fo rmed by th e reactio n o f 
nitrogen and o xygen inside the internal combustio n 
engine at high temperatures . 

nitroge n + oxygen ---> nitrogen mo noxide 
N 2(g) + 0 2 (g) - 2NO(g) 

The nitrogen m o nox ide, emitted as an ex haust 
gas, reacts with oxygen fro m the air to form the 



brown acidic gas nitrogcn (1v) ox ide (nitrogen 
diox ide) . 

nitrogen m onox ide + oxygen 

2NO(g) + O,(s) 

nitrogcn(1v) 
oxide 
2N02 (g) 

This dissolves in water to produce nitric acid ( this is 
a contributo r to acid rain; see C hapter 12 p. 198). 
Man y no n-m etal o xides, such as nitrogen dio xide 
and carbo n dioxide (sec Chapter 13 p. 214), fo rm 
acidic solutio ns. 

Concern about pollution du e to cars has led to the 
introduction of strict regulations and now all new cars 
must have a device known as a catalytic converter fitted 
to eliminate the production o f some o f these gases. 

The catalytic converter acts as a device to speed 
up reactions which involve the po llutant gases, 
converting them to less harmfol prod ucts, such as 
nitrogen and carbon dioxide. It sho uld be noted that 
catalytic converters can only be used with unleaded 
pet rol as the lead ' poisons' the catalyst , preventing it 
fro m catalysing the reactions. For a further discussion 
o f catalytic converters sec Chapter 7, p . 110. 

Ano ther method that has been introduced to 
reduce th e am ount o f po llutan ts is that o f the 'lean 
burn ' engine . Altho ug h this type o f engine redu ces 
the amo unts o f carbo n m ono xide and o xides o f 
nitrogen produced , it actually increases the amo unt 
o f hyd rocarbo ns in the ex haust gases. 

A forthcr method of regulating pollutant gases is 
to convert petrol-burning engines to LPG (liquid 
petroleum gas) engines, whilst retaining the ability to 
bum petrol. These cars arc known as dual-fuel cars. 
Much research is directed towards an effi cient electric 
m otor that can be fitted in place of the petrol engine in 
a car. This development is m oving forward at a pace. 

Internatio nally, th e use o f lead compo und s as 
additives remains an issue because o f the co ntinu ed 
use o f leaded pet rol. H owever, the concern about 
these additives is lessening as worldwide recognitio n 
o f the p roblems o f lead po lluti on in th e environment 
and its effects on living systems is leading to their 
bein g rem oved fro m pet rol. Perhaps o f g reater 
concern g lo ball y will be the increase o f particulates 
in the air (Fig ure 11.23 ). ( ' Particulates' is a general 
term used to describe very small particles in th e 
atm osphere, such as certain types o f sm o ke emitted 

Atmospheric pollution 

Figure 11 .23 Particulates produced by diesel engines area real health 
problem worldwide. 

have bee n associated with a variety o flung complaints 
in bo th adul ts and children .) 

H eavy industry ( Figu re 11. 24 ) and power statio ns 
arc m ajo r sources of sulfur diox ide, fo rmed by the 
combustio n o f coal, o il and gas, which contain small 
amo unts o f sulfur. 

sulfor + oxygen 
S(s) + 0 2(g) 

sulfur di oxide 
S02(g) 

fro m diesel eng ines, as well as dust . These particulates Figure 11 .24 Sulfur dioxide is a major pollutant produced by industry. 
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This sulfur dioxide gas dissolves in rainwater to form 
the weak acid , sulfu rous acid (H 2S03 ) . 

sulfur dioxide + water ~ sulfurous acid 
S02(g) + H,O(i) ~ H,so,(,q) 

A forthcr reactio n occurs in which the sulfurous 
acid is oxidised to sulfuric acid. Solutio ns o f these 
acids arc the principal contributors to acid rain. For 
a further discussion o f acid rain , see Chapter 12, 
p. 198. 

Units called flu e gas dcsulforisation (FGD) units 
arc being fitted to some power statio ns thro ug ho ut 
the world to prevent the emissio n of sulfor diox ide 
gas. H ere, the sulfur dioxide gas is rem oved fro m 
the waste gases by passing them throug h calcium 
hyd roxide slurry. This no t o nly rem oves the sulfur 
dioxide but also creates calcium sulfatc, which can 
be sold to prod uce plasterboard (Figure 11 .25). The 
FCD units arc very expensive and th erefore the sale 
of the calcium sulfatc is an impo rtant econo mic part 
of the process. 

Figure 11.25 This plasterboard is made using calcium sulfate from an 
FGDplant. 

Another source of pollution is hydrogen sulfide (H 2S), 
a poisonous gas which has the distinctive smell o f 
rotten eggs. It is present in volcanic emissions. C rude 
oil also contains small quantities of hydrogen sulfidc 
and this is rem oved during its processing. Since the 
introductio n of catalytic converters, modern cars ha,'e 
shown an increased tendency to prod uce H2S on 
heavy acceleration. This can be improved by tuning 
the engine. Where amounts of hyd rogen sulfidc arc 
present in the air, it causes irritation to the lungs. It also 
blackens lead-based paints. 

Questions 
1 Write a balanced chemical equation to represent the 

reaction which takes place between sulfur dioxide and 
calcium hydroxide slurry in the FGD unit of a power station. 

2 It has been found that air pollution in cities damages lung 
development in children. Use the information in the text 
and any other information to make a list of the pollutants 
responsible for this problem. 

3 Write down one problem that can be caused by each of 
these air pollutants: 
a nitrogen dioxide 
b particulates. 

4 Is carbon dioxide an atmospheric pollutant? Give reasons 
for your answer. 

• Water 
\-Yater is the commo nest compo und o n this planet. 
More than 70% o f th e Earth 's surface is covered with 
sea, and the land masses arc dotted with rivers and 
lakes (Figure 11.26a). It is vital to o ur existence and 
survival because it is one of the main constitue nts in 
all livin g organisms. For example, your bones contain 
72% water, your kidneys arc about 82% water and 
yo ur blood is about 90% water (Fig ure 11.26b). 

a Millions of tonnes of water pass over this waterfall every day. 

b Your blcxxl contains a lot of water. 
Figure 11.26 



Water has many o th er important uses besides 
sustaining life. These include: 

In the home: 

• cooking 
• cleaning 
• drinking. 

In industry: 

• as a solvent 
• as a coolant 
• fo r cleaning 
• as a chemical reactant. 

Water is a neutral, colourless liquid which (at 

Water 

I atmosphere pressure) bo il s at 100 °C and freezes at a Anhydrouscopper(1) sulfate goes blue v.hen water is added to it. 

O"C (F;gm c 11.27). 

Figure 11.27 Liquid water turns to steam at 100°( and to ice at 0°C. 

You can find out wheth er a co lourless liquid 
contains water by addin g th e unknown liquid 
to anhyd rous copper(11 ) sulfate. If this changes 
from white to blue, th en th e liquid co ntains water 
( Figure 11.2 8a). 

Ano ther test is to dip blue co balt chloride paper into 
the liquid. If the paper turns pink, then the liquid 
contains water (Figure 11.28b). 

You have already seen in Chapter 5 that water may 
be electrolysed (when acidified with a little dilute 
sulforic acid). Wh en this is done, the ratio o f the 
volume of the gas produced at the cathode to that 
produced at th e anode is 2: 1. This is what you mi ght 
expect, since the fo rmula of water is H 20 ! 

The unique properties of water 
Water is a unique substance. No t onl y is it an 
excellent solvent fo r many ionic substan ces, such 
as sodium chlo rid e, but it also has some unusual 
properties. Fo r example : 

• It has an unusually high boiling point for a 
molecule of its relatively low molecular mass . 

• It has a g reater specific heat capacity than almost 
any o ther liquid. 

• It decreases in density when it freezes (Figure 11.29). 
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Figure11.29 Vvhenwaterfrrezes,itsdeosityfalls;thisisv.hyicebergsfloat. 

These um1 sual properties ca n be ex plained by 
hydrogen bonding. This is a wea k intcrm ok cular 
fo rce (bond ) whi ch occurs between wa ter m o k cuks 
because the bo nds within the m o lecules arc pobr. 
A polar bond is o ne which contains, fo r example, 
oxygen attached to hyd rogen by a covalent bond. 
The shared electrons in th e bo nd are drawn 
toward s th e oxygen a tom to crea te a sm all n egative 
charge on the oxygen ato m (0-). There is then an 
equally sm all positive charge o n th e hyd rogen ato m 
(&+). The water molecules then attract o ne anoth er 

Figure11.31 Thewatercyde. 

as shown in Fig ure 11. 3 0. In th e case o f water, this 
attractio n is called a hyd rogen bond . It is a mu ch 
weaker bo nd than a covalent bo nd . 

hydrogen bond 

Figure 11.30 The unusual properties of water can be explained by 
hydrogen bonding. 

The fact that water is such an effective solvent can 
cause some problems. These include the fo rmatio n o f 
hard water and leaching o ffi: rtilisers ( Figure 11.22, 
p . 182 ). H ard water can cause further problems and 
must in certain circumstances undergo a softening 
process. This is discussed in detail o n p . 188. 

• The water cycle 
Water circulates around the Earth. The way it docs this 
can be described by the water cycle (Figure 11. 31). 
1l1e driving fo rce for the water cycle is the Sun. 



• Heat from the Sun causes evaporation from oceans, 
seas and lakes. Water vapour is also form ed from 
the evaporation of water from leaves (transpiration), 
through respiration and th rough combustion. The 
water vapour rises and cools, and condenses to fo rm 
tiny d roplets o f water. These d roplets fo rm cloud s. 

• The clouds arc moved along by air currents. As they 
cool, the tin y d roplets join to fo rm larger droplets, 
which fall as rain when they reach a certain size. 

• The water that fall s as rain runs into streams and 
rivers and then on into lakes, seas and oceans. 

Some water is diverted from ri vers into reservoirs and 
purified (p. 190). This water is then used in industry 
and the home. After use it is dirty and has to be 
treated at the sewage works before being return ed to 
a river o r the sea. Eventu ally, all the water finds its way 
into the sea. In this way all the water that left the sea 
eventually returns there, and the cycle can continue. 

Question 
1 Const ruct a simplified version of the water cycle using 'key 

words' in boxes and the 'processes involved' over linking 

• Hardness in water 
The water you drink contains some dissolved solids 
and gases. This dissolved material usually is no t 
harmful and can , in fact , be good for you. Wh ere do 
these solids come from? Rainwater dissolves carbon 
dioxide as it fall s through the atmosphere. A small 
fracti on of this disso lved carbon dioxide reacts with 
the water to produce carbonic acid , w hi ch is a weak 
acid (sec C hapter 8 , p. 120). 

water + carbon dioxide ~ carbonic acid 
H 20 (!) + C0 2(g) c,=' H,co ,(,q) 

As this solution passes over and through rocks 
containing limesto ne (calcium carbonate, CaC03 ) 

and dolo mite (magnesium carbonate, M gC0 3 ), th e 
weak acid in the rain attacks th ese rocks and very 
slowly dissolves them. The dissolved substances arc 
called calcium and magnesium hydrogcncarbonatcs . 

calcium + carbonic ---+ calcium 
carbonate acid hydrogcncarbo natc 

C, C0 3(s) + H2C0 3(,q) - C, (H C0 3),(,q) 

Some of th e rock strata may contain gypsum 
(calcium sulfatc, CaS04 .2H20 ), anhydrite (CaS04 ) 

Hardness in water 

or ki cscritc (M gS04 .H 20 ), which arc very sparing ly 
so luble in water. The presence of any of these 
dissolved sulfates o r hyd rogencarbonatcs causes the 
water to beco me 'hard ' 

Hardness in water can be divided into two 
types - temporary and permanent. Temporary 
hardn ess is caused by th e presence of dissolved 
calcium o r magnesium hyd rogcncarbonatcs . 
Temporary hardness is so called because it is easily 
removed by bo iling. 

Permanent hardness is caused by the presence of 
dissolved calcium o r magnesium sulfatcs . Perman ent 
hardn ess is much mo re difficult to remove and 
certainly canno t be removed by boiling. 

When water containing any of these substances 
is evaporated , a white solid deposit o f calcium or 
magnesium sulfatc and/or calcium carbonate is left 
behind (Figure 11.32) . 

Figure 11.32 Evaporating pure water leaves no deposit, while 
temporary or permanent hard water leaves white deposit5 behind. 

Calcium carbonate causes the 'furring ' in kettles 
that occurs in hard water areas (Figure 11.33a). 
This furrin g may be removed by the addition of a 
dilute acid: 

hydrogen ions + carbonate ion ----> carbon dioxide + water 
2H+(,q) + CO_l-(aq) ----> COi(g) + H20 (1) 

Blockages in ho t water pipes (Figure 11.3 3b) are 
caused by a similar process to th e forring of kettles . 
A thick deposit oflimescak builds up. 
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a The depo~t in kettles ('furring') is caused by calcium carbonate from 
hard water. 

b The thick deposits of limescale c.an be seen in this hot water pipe. 
Figure11.33 

Stalactites and stalagmites arc fo und in underground 
caverns in limesto ne areas. They arc fo rmed fro m 
the slow decompositio n o f calcium o r magnesium 
h>7d rogcncarbonates in water (Figure 11. 34 ). 

calcium ------ calcium + carbon + water 

hydrogcncarbonate carbonate dioxide 

Ca(H C0 3 )i(aq) ------ CaCO.h) + COi(g) + H20 (t) 

Figure 11.34 Stalactites and stalagmites have formed over hundreds 
of thousands of years. 

Effect of hard water on soap 
In hard water areas all over the world , it is difficult 
to m ake the soap lather. Instead , the water becom es 
cloudy. This cloudiness is caused by the presence 
o f a solid m aterial (a precipitate ) fo rmed by the 
reactio n o f the disso lved substances in the water 
with soap (basically sodium stear.1tc ) and it is a real 
problem. This white precipitate is known as scum 
(Figure 11. 35 ). 

sodium + calcium 

hydrogen -

----> calcium + sodium 

hydrogen-

(soap) carbonate (scum ) carbonate 

2NaSt(aq) + Ca(H C03 )i(aq) ----> Ca(St )i(, ) + 2NaHCOhq ) 

Figure 11.35 Soap and hard water form scum. 

The am o unt o f soap required to just prod uce a lather 
with the hard water can be used to estimate the 
hardness in water. 

To overcom e the p roblem o f scum formatio n, 
soaplcss detergents have bee n develo ped. They do 
not produce a scum because they do no t react with 
the substances in hard water. Fo r further discussion 
o f soapless detergents sec C hapter 15, p. 2 39 . 

Removal of hardness 
Temporary hardness is easily rem oved fro m water by 
boiling. When heated , the calcium hyd rogcncarbo nate 
decomposes, producing insoluble calcium carbonate. 

calcium ~ calciLU11 + water + carbon 
hydrogencarbonate carbonate dioxide 
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a The ionexchangeprocess. 
Figure11.36 
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The substances in permanently hard water arc no t 
decomposed when heated and therefore cann ot be 
removed by bo iling. Bo th types of hardness can 
be removed by any of the fo llowing mctl10ds. 

• Addition of washing soda (Na2C03.10H20) 
crystals. In each type, the calcium o r magnesium 
ion , which actually causes the hardness, is removed 
as a precipitate and can, th erefore, no longer cause 
hardness. 

calcium ions + carbonate ions ---+ calcium 
(from h.trd ,,ouer) (from washing soda) carbonate 
Ca2+(aq) + c o / - (aq) CaC0 3(s) 

• Ion exchange. The water is passed through a 
container fill ed with a suitable resin containing 
sodium io ns. The calcium or magnesium ions 
causing the hardness arc exchanged fo r tl1c sodium 
ions in tl1c resin (Figure 11. 36). 

calcium + sodium-resin ---+ calcium-resin+ sodium 
ion 

Ca2+(aq) + Na-i-R(s) ---+ Ca- R(s) 
ion 

+2Na+(aq) 

Hardness in water 

When all tl1 c sodium ions have been removed 
from the resin , it can be regenerated by pouring a 
solution of a suitable sodium salt tl1rough it. 

• Distillation. The water is distilled away from the 
dissolved substances. This method, however, is far 
too expensive to be used on a large scale. 

Advantages and disadvantages of 
hard water 
Problems and advantages associated witl1 hard water 
arc detailed in Table 11.8 . 

Table 11.8 Disadvantages andadvantagesofhardwater. 

Disadvantages Advantages 

Wastes soap Has a nice taste 

Causes kettles to fur Calcium ions in hard water are required by 
the body for bones and teeth 

Can cause hot water Coats lead pipes with a thin layer of lead{11) 
pipes to block sulfateorlead(1)carbonateandcutsdawn 

the possibility of lead poisoning 

Can spoil the finish of Some industries favour hard water. For 
some fabrics example, theleatherindustryprefersto 

cureleatherinhardwater 

Questions 
1 Make a list of the main methods of softening hard water. 

In each case write a suitable equation(s) to summarise the 
chemical react ions involved. 

2 One of the substances found in some temporary hard 
waters is magnesium hydrogencarbonate. Write word and 
balanced chemical equations to show the effect of heat on 
this substance in aqueous solution. 
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• Water pollution and 
treatment 

An adequate supply o f water is essential to the health 
and well-being of the world 's population. Across the 
planet , bio logical and chemical pollutants arc affecting 
the qu ality o f o ur water. An ad equate supply o f fresh 
drinking water is needed fo r everyone o n the planet. 
Lack of availability of fresh water leads to watcrbornc 
diseases, such as chokra and typhoid , and to diarrhoea , 
which is one of the biggest killers across the world. 

Agriculture needs a water supply in order to 
irrigate crops, especially in areas o f th e wo rld with 
hot climates. The productio n o f m o re and mo re 
crops fo r the ever-increasing po pulatio n is essential. 

Water is very good at dissolving substances. Tlrns, 
it is very unusual to find really pure water o n this 
planet. As water fall s throll gh th e atmosphere, o n to 
and then th roug h the surface o f th e Earth , it dissolves 
a trem endous variety o f substances . Chemical 
fertilisers washed o ff surrounding land will add 
nitrate ions (N03- ) and phosphate io ns ( PO/ - ) to 
the water, owing to the use o f artificial fertili sers such 
as ammo nium nitrate and amm o nium phosphate. 

The nitrates encourage th e growth o f algae which 
eventu ally die and decay, removing oxygen fro m the 
water. It may also contain human waste as well as 
insoluble impurities such as g rit and bacteria, and 
o il and lead 'dust ' ( to a decreasin g extent) from the 
exhaust fumes o f lorries and cars (Figure 11.37) . 

Figure1 1.37 A badly polluted river. 

All th ese artificial, as well as natural, impurities must 
be rem oved fro m th e water before it can be used . 
Recent regulations in many countries have imposed 
stri ct guidelines o n the am ounts o f vario us substances 
all owed in drinking water. 

0 

Figure 11.38 Thislakeisusedasasourceofdrinkingwater. 

A lo t o f drinking water is o btained fro m lakes and 
rivers where the po lluti on levels are low (Figure 11.38). 
Undesirable m aterials rem oved fro m water include : 

• collo idal clay (clay particles in th e water ) 
• bacteria 
• chemicals which cause the water to be colo ured 

and fo ul tasting 
• acids, which are neutrali sed. 

Making wat e r fit t o d rin k 
The treatm ent needed to m ake water fit to drink 
depends on the source o f the water. Some sources, 
for example m o untain streams, may be almost 
pure and boiling may be eno ug h to kill any micro­
o rgani sms present. H owever, others, such as slow­
flowin g rivers, may be contaminated. The o bject o f 
treatin g contaminated water is to rem ove all mi cro ­
o rgani sms th at may cause disease. 

The process o f water treatment involves both 
filtrati on and chlorinatio n and is summarised in 

1 Impure water is passed through screens to filter out 
floatin g debris. 

2 Aluminium sulfate is added to coag ulate sm all 
particles o f clay so that they fo rm larger clumps, 
which settle mo re rapidly. 

3 Filtratio n through coarse sand traps larger, insoluble 
particles. The sand also contains specially grown 
micro bes which rem ove som e o f the bacteria . 

4 A sedimentatio n tank has chemicals known as 
flocculants, fo r example aluminium sulfate, add ed 
to it to make th e smaller particles (which remain in 
the water as collo idal clay) stick togeth er and sink 
to th e bo tto m o f the tank. 

5 These particl es are rem oved by furth er filtration 
thro ugh fine sand. Som etimes a carbon slurry is 
used to rem ove unwanted tastes and odours, and a 
lime slurry is used to adju st the acidi ty. 
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Figure 11.39 Theprocessesinvolved inwatertreatment. 

6 Finally, a little chlorin e gas is added , which 
sterilises th e water and kill s any rem aining bacteria . 
Excess chlorine can be rem oved by th e additio n 
of sulfur dioxide gas . The additi on of chlorine gas 
m akes the water mo re acidi c and so app ropriate 
am o unts o f sodium hyd roxide solutio n arc added. 
Fluo rid e is som etimes added to water if there 
is insufficient occurrin g naturally, as it helps to 
preve nt tooth decay. 

The 'iron problem' 
Ifthc acidity level o f the treated water is no t 
controlled , problems occur due to the precipitatio n 
ofi ron(m) hydroxide. These include: 

• vegetables turnin g brown 
• tea havin g an inky appearance and a bitter taste 
• clothes showing rusty stains after washing 

(Figm e 11.40). 

Figure 11.40 The rusty stains on this pillowcase are due to iron(•) 
compounds in the water. 

Sewage treatment 
After we have used water, it must be treated again 
before it can be returned to rivers, lakes and seas . 
This multi-stage p rocess kn own as sewage treatment 
is shown in Fig ure 11.41. 

~ge 

,~------­sludge 
(for either dumping 
or conversion t o f ertiliser) 
and methane gas 

gravel 

4 
treated water is chlorinated 
and returned t o the river 

Figure 11.41 The processes involved in sewage treatment. 

U sed water, sewage, co ntains waste products such 
as human waste and washin g-up debris as well as 
everything else th at we put down -a drain or sink. 
The processes that arc involved in its treatment arc 
as follows . 

1 Large screens rem ove large pieces o f rubbish. 
2 Sand and grit arc separated in large sedimentati o n 

tanks. The p rocess is speeded up by addin g 
aluminium sulfatc, which helps the solids to 
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coagulate into larger particl es that separate m o re 
rapidly. The sand and grit often contain large 
am oun ts o f useful chemicals which , by th e actio n o f 
sck ctcd microbes, can be used as fe rtilisers. 

3 Tht: impure water is then rem oved and sent to a 
trickling filter, where it is allowed to drain th rough 
g ravd o n whi ch microbes have been deposited. 
These kill o ff any rem aining bacteria in th e water 
by aerobic processes. This stage is known as 
biological filtration. 

4 The treated water is then chlo rinated and returned 
to a river, after checking. 

5 Anaero bic bacteria digest what rem ains from the 
o ther stages. M ethane gas is produ ced , which can 
be used as a foci. 

Table 11.9 Main sources of atmospheric and water p:>llution. 

VVa tcr is a renewable resource but care mu st be 
taken to avo id excessive water po lluti o n , as this 
could cause seri o us hea lth issues such as typho id 
o r cho lera . 

Questions 
1 Make a list of four major water pollutants and explain 

where they come from. What damage can these pollutants 
do? 

2 In the treatment of water for public use, state the purpose 
of the addition of: 
a aluminium sulfate 
b chlorine 

c sodium hydroxide 
d sulfur dioxide. 

3 Many industries use water as a coolant. Suggest the sorts 
of problems that may be created by this 'thermal pollution'. 

A summ ary o f the main sources o f atm ospheric and 
water po llutio n is shown in Tab le 11 .9. 

Pollutant Source Effects 

Carbondioxide,C02 

Carbon monoxide, CO 

Oxides of nitrogen, NO~ 

Particulates, carbon C 

Lead and lead oxides 

Lead compounds 

Complete combustion of fossil fuels (p. 92) Contributes to global warming (p. 212) 
CHig) + 202{g) ----> co,(g) + 2H,D(1) 

Incomplete combustion of fos.sil fuels (p. 95) Poisonous, colourless, odourless gas 

Car exhaust fumes (p. 182) Oxides of nitrogen cause photochemical smog 
N2(g) + O,(g) ----> 2NO(g) 2NO(g) + Oi{g) ----> 2NOi{g) 

Incomplete combustion of fos.sil fuels (p. 95) Covers surfaces 'Nith carbon particles 

Car batteries Lead and its compounds are toxic and particularly 
affect the nervous system 

Lead additives are added to petrol (use is decreasing), Lead and its compounds are toxic 
resulting in exhaust fumes 

Chlorofluorocarbons (CFCs) Aerosol sprays and refrigerators (p. 221) Destroy the layer of ozone around the Earth 

Nitrates N03 - and phosphates Po/- Fertilisers {p. 180) 

Sodium phosphate Detergents and water softeners 

DDT* Insecticides 

Paraquat *andglyphosate Herbicides 

Eutrophication* 

Eutrophication* 

Accumulates in food chain till eventually kills top 
predators 

Kill harmless plants 

*DDT is an organochlorine herbicide. It has high toxicity t o insects but has low t oxicity to mammals. However, it is very chemically stable 
so it accumulates in the environment and ca n become more concentrat ed in food chains. For this reason it is banned in many countries. 
However, as it is cheap many developing countries continue t o use it. 

*Paraquat is a t otal herbicide. It destroys all green plant mat erial. Paraquat is inactivat ed as soon as it t ouches the soil but it does kill any 
plant w hose leaves ittouches. 

*Glyphosate is a herbicide sprayed onto the outs ide of leaves and it then spreads through the plant t o the root s. It is non-selective and 
kills usefulplantsaswell asweeds. 

*Eutrophication occurs w hen fertiliser drains into lakes and rivers, causing algae to multiply rapid ly and the water t o turn green. It results 
in fi sh and other organisms suffoca ting and dying th rough lack of oxygen in wat er. 



Check list 
After studying Chapter 11 you should know and understand 
the following terms. 

• Artificial fertiliser A substance added to soil to increase 
the amount of elements such as nitrogen, potassium and 
phosphorus. This enables crops grown in the soil to grow 
more healthily and to produce higher yields. 

• Atmosphere (air) The mixture of gases that surrounds 
the Earth . 

• Bulk chemical A chemical that. because of its large usage 
across a range of uses, is produced in large quantities. 

• Carbon dioxide A colourless, odourless gas, soluble in 
water, producing a weak acid called carbonic acid. It makes 
up 0.04% of air. It is produced by respiration in all living 
things and by the burning of fossil fuels. It is taken in by 
plants in photosynthesis. 

• Chemical equilibrium A dynamic state. The 
concentrations of the reactants and products remain 
constant because the rate at which the forward reaction 
occurs is the same as that of the back reaction. 

• Eutrophication A process that occurs when fertil iser 
drains into lakes and rivers, causing algae to multiply rapidly 
and the water to turn green. it results in fish and other 
organisms suffocating and dying through lack of oxygen in 
the water. 

• Flue gas desulfurisation (FGD) The process by which 
sulfur dioxide gas is removed from the waste gases of 
power stations by passing them through calcium hydroxide 
slurry. 

• Fractional distillation of air The process used to extract 
individual gases from the air. Air is a major raw material. The 
mixture of gases is separated by first liquefying the mixture 
at low temperature and high pressure. The temperature is 
then allowed to rise and the gases collected as they boil off. 
The gases so produced have many and varied uses. 

• Haber process The chemical process by which ammonia 
is made in very large quantities from nitrogen and 
hydrogen. 

• Hardness of water This is caused by the presence of 
calcium (or magnesium) ions in water, which form a 'scum' 
with soap and prevent the formation of a lather. There are 
two types of hardness: 
• temporary hardness - caused by the presence of 

dissolved calcium (or magnesium) hydrogencarbonate 
• permanent hardness - this results mainly from dissolved 

calcium (or magnesium) sulfate. 
• Hydrogen bond A weak intermolecular force (bond) that 

occurs between water molecules because the bonds within 
the molecules are polar. It is the strongest of these weak 
forces. 

• limestone A form of calcium carbonate (CaC03). Other 
forms include chalk, calcite and marble. 

• Nitrogen cycle The system by which nitrogen and 
its compounds, both in the air and in the soil, are 
interchanged. 

Check fis t 

• Nitrogen fixation The direct use of atmospheric nitrogen 
in the format ion of important compounds of nitrogen. 
Bacteria present in root nodules of certain plants are able to 
take nitrogen directly from the atmosphere to form essential 
protein molecules. 

• Optimum temperature A compromise temperature used 
in industry to ensure that the yield of product and the rate 
at which it is produced make the process as economical as 
possible. 

• Ozone (trioxygen) A colourless gas produced in the 
stratosphere by the action of high-energy ultraviolet 
radiation on oxygen gas, producing oxygen atoms. These 
oxygen atoms then react with further oxygen molecules to 
produce ozone. Its presence in the stratosphere acts as a 
screen (ozone layer) against dangerous ultraviolet radiation. 

• Particulates Very small particles found in the atmosphere, 
such as certain types of smoke emitted from diesel engines, 
as well as dust. 

• Photosynthesis The chemical process by which green 
plants synthesise their carbon compounds from atmospheric 
carbon dioxide using light as the energy source and 
chlorophyll as the catalyst. 

• Pollution The modification of the environment caused by 
human influence. It often renders the environment harmful 
and unpleasant to life. Atmospheric pollution is caused by 
gases such as sulfur dioxide, carbon monoxide and nitrogen 
oxides being released into the atmosphere by a variety of 
industries and also by the burning of fossil fuels. Water 
pollution is caused by many substances, such as those found 
in fertilisers and in industrial effluent. 
Raw material A basic material from which a product is 
made. For example, the raw materials for the Haber process 
are nitrogen and hydrogen. 

• Removal of hardness Temporary hardness is removed 
by boiling. Both temporary and permanent hardness are 
removed by: 
• addition of washing soda (sodium carbonate) 
• ion exchange 
• distillation. 

• Reversible reaction A chemical reaction which can go 
both ways. This means that once some of the products have 
been formed they will undergo a chemical change once 
more to re-form the reactants. The reaction from left to 
right. as the equation for the reaction is written, is known 
as the forward reaction and the reaction from right to left is 
known as the back reaction. 

• Stratosphere A layer of the atmosphere above the 
troposphere in which the ozone layer exists. 

• Transpiration The process of evaporation of water from 
leaves. 

• Troposphere A layer of the atmosphere closest to 
the Earth which contains about 75% of the mass of the 
atmosphere. The composition of dry air is relatively constant 
in this layer of the atmosphere. 

• Water cycle The cycle by which water circulates around 
the Earth. The driving force behind the water cycle is the 
Sun. 



Q Air and water 

• Additional questions 
1 The apparatus shown on p. 174 , Figure 11.6, was 

used to estim ate the proportio n o f oxygen in the 
atmosphere. 

A volume of dry air (2 00 cm3 ) was passed 
backwards and fo rward s over heated copper until 
no furth er change in volume took place . The 
apparatu s was then allowed to cool down to room 
temperature and the final volume reading was then 
taken . Som e typical results arc shown bdow. 

Volume of gas before = 200cm 3 

Volume o f gas after= 157 cm 3 

During the cxpn imcnt the copper slowly turned 
black. 

a Why was the apparatus all owed to cool back 
to room temperature before the final volume 
reading was taken ? 

b Using the in fo rmatio n given above, calculate th e 
percentage volume redu ctio n which has taken 
place. 

c Explain briefly why th ere is a change in vo lume. 
d What o bservati o n g iven above suppo rts your 

explanatio n in d Write a balanced chemical 
equation fo r any reaction which has occurred. 

e Give the nam e o f the m ain residual gas at the 
end o f th e experiment. 

f Would you expect th e copper to have increased 
o r decreased in mass during the ex perim ent? 
Explain your answer. 

2 :i Oxygen has an ato mic number o f 8 and mass 
number 16. \,Vhat is the elect ron structure o f the 
oxygen ato m? 

b H ow many electro ns, neutrons and pro to ns arc 
there in th e oxygen ato m i 

c O xygen m olecules arc diatomic. Explain the 
meaning o f this term. 

d Draw a diagram o f th e oxygen m olecule showing 
the o uter shell o f elect rons o nly. What type o f 
bo nding docs the molecule contain? 

3 Explain the following. 
:i Ai r is a mixture o f elem ents and com pounds. 
b The percentage o f carbo n dioxide in th e 

atmosphere docs not sig nificantly vary fro m 
0.04%. 

c Power statio ns arc tho ught to be a m ajo r ca use 
o f acid rain . 

4 Use the words below to complete the fo llowing 
passage abo ut limesto ne and its uses. 

:ibundant chlorine nitrates 
monitored coobnt fertilisers re:ictions 
pure cl:iy solvent essential 

Water is for all life o n Earth. It is th e 
m ost substance o n Earth. Water is no t 
o nly used fo r drinking and washing but also: 

• in chemical ___ , fo r example in the 
productio n o f ethano l fro m cthcnc 

• as a ___ to dissolve things 
• as a ___ in som e chemical p rocesses. 

For us to drink it, water must be relatively __ . 
To make the water drinkable, any undissolved solids 
arc rem oved through filtration beds. Aluminium 
sulfatc is added to rem ove sm all particles o f 
_______ is added to kill bacteria. 
Water is continu ously ____ because there 
arc certain substances that eventually find their 
way into the water supply. For example, artificial 

arc washed off farmland and this can 
cause th e water supply to be contaminated with 
nitrates. arc harmful to babies. 

5 a Explain what is m eant by the term ' po llutio n ' 
with reference to air and water. 

b (i) N am e an air po llutant p roduced by the 
burning of coal. 

(ii) N am e a different air pollutant prod uced by 
the combustio n o f pet ro l in a car eng ine. 

c Som e o f our drinking water is o btained by 
puri fy ing river water. 
(i) Would distillatio n o r filtratio n produce the 

purest water fro m river water? Give a reason 
fo r your answer. 

(ii) Which process, distillatio n or filtratio n , is 
actually used to produce drinking water 
fro m river water? Comment on your answer 
in comparison to your answer in c (i). 

d Power statio ns produ ce warm water. This causes 
th ermal pollutio n as this warm water is pumped 
into nearby rivers. 
(i) Why do power statio ns prod uce such large 

quantities o f warm water? 
(ii) What effect docs this warm water have o n 

aquatic litc? 



6 Fert ili ser Formu la %n it rogen 

Ammonia solution NH0 82.4 

Calcium nitrate Ca(N0~2 17.1 

Nit ram NH4N03 35.0 

Sodium nitrate NaN03 

Potassium nitrate KN03 

a Copy and complete the above table by 
calculating the percentage of nitrogen in the 
fertilisers sodium nitrate and potassium nitrate. 
(Ac' H~ I; N ~ 14; 0 ~ 16; N, ~23; K ~ 39; 
CF40) 

b Including the data you have just calculated, 
which of the fertilisers contains: 
( i) the largest percentage of nitrogen? 
(ii) the smallest percentage of nitrogen? 

c Give the chemical name for the fertiliser that 
goes by the name Nitram®. 

d Ammonia can be used directly as a fertiliser but 
no t very commonly. Think of two reasons why 
ammonia is not often used directly as a fertiliser. 

e Nitram® fertiliser is manufu.chtred by the 
reaction of nitric acid with ammonia solution 
according to the equation: 

NH3(,q) + HN03(,q) - NH4N03(,q) 

A bag ofNitram® may contain 50kg of 
ammonium nitrate . What mass of nitric acid 
would be required to make it? 

7 Ammonia gas is made industrially by the Haber 
process, which involves the reaction between 
the gases nitrogen and hydrogen. The amount 
of ammonia gas produced from this reaction is 
affected by both the temperature and the pressure 
at which the process is run. The graph shows how 
the amount of ammonia produced from the reaction 
changes with both temperature and pressure . 
The percentage yield of ammonia indicates the 
percentage of the nitrogen and hydrogen gases that 
arc actually changed into ammonia gas. 

Additional questions 
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a VVrite a word and balanced chemical equation 
for the reversible reaction between nitrogen and 
hydrogen to produce ammonia using the Haber 
process. 

b What is meant by the term 'reversible reaction'? 
c Use the graphs to say whether more ammonia is 

produced at: 
(i) higher or lower temperatures 
(ii ) higher or lower pressures. 

d What is the percentage yield of ammonia if the 
conditions used to run the process arc: 
(i) a temperature of350°C and a pressure of 

100 atmospheres? 
(ii) a temperature of550°C and a pressure of 

350 atmospheres? 
e The conditions in industry for th e production 

of ammonia arc commonly of the order of 
200 atmospheres and 450 °C. What is the 
percentage yield of ammonia using these 
conditions? 

f \iVhy docs industry use the conditions stated in 
part e if it is possible to obtain a higher yield of 
ammonia using different conditions? 

8 Explain the following. 
a Industry normally requires water which has been 

softened. 
b Hard water is good for the promotion of healthy 

bones and teeth. 
c Hard water causes kettles to fur. This ' fur' can be 

removed by using a dilute acid. 
d Hard water wastes soap. 
e Hard water can coat lead pipes and reduce the 

possibility of lead poisoning. 
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9 The results o f testing five samples of water from 
diftCrcnt areas arc shown in the table below. The 
soap solutio n was g radually added to 25 cm 3 of each 
sample o f water with sluicing until a permanent 
lather (om:: which lasts fo r 20 seconds) was obtained. 

Water sample/ 
25cm3 

Volume of soap solution added/cm3 

Before boiling After boiling 

12 

13 

11 11 

14 

16 16 

a (i) Which sampks arc permanently hard ? 
(ii) Which samples arc temporarily hard ? 
(iii )Which sample contains both temporary and 

permanent hardness? 
b N am e a compo und which could be present in 

sample D but not in sample E . 
c Name a compo und which could be present in 

sample E but no t in sample D. 
d Explain how th e compound you have named in c 

gets into the water. 
e Sample E was distilled. The water collected 

was tested with soap solutio n. 'vVhat volume o f 
soap solutio n might you expect to be add ed to 
produce a permanent lather? Comment o n your 

10 A town's water supply is o btained by purif)1ing 
river water. 
a What arc th e A and B in the diag ram of th e 

water cycle below? 

rain 

Ill( ' 
A 

i t--.. , ,. rivers lakes and seas 

b (i) Filtratio n or distillatio n - which o f these 
processes would prod uce the purest water 
fro m river water? Give a reason fo r your 

(ii) Filtration or distillatio n - which o f these 
processes is used in this country fo r 
producing drinking water from river 
water1 

c In recent years po llutio n o f rivers and lakes 
has becom e a serio us pro blem. State two m ain 
sources o f river pollution. 

d In so me areas water is ' recycl ed ' What docs 
recycling mean and why is it necessary? 



@ Sulfur 

Sulfur - the element 
Usesofsulfur 
Chemical properties of sulfur 

Sulfur dioxide 
Acid rain 

• Sulfur - the element 
Sulfur is a yellow no n-m etallic clem ent. It is found 
in G roup VI of th e Periodic Tab le. It is a brittle, 
non-conducting solid with a fairly low melting po int 
( 11 5 °C ). Sulfur will not dissolve in water but will 
dissolve in solvents such as carbon disulfid e and 
m cthylbcnzcnc ( to luene). Like carbon, sulfur has 
allo tropcs. Its m ain allo t ropcs arc call ed rho m bic 
sulfur and monoclinic sulfor (Figure 12 .1). 

Figure 12.1 Sulfur - rhombic (lop) and monoclinic. 

Sulfurk add 
Industrial manufacture of sulfuric acid - the Contact process 
Usesofsulfuricacid 
Properties of sulfuric acid 

Checklist 

Additional questions 

Sulfur is found in large quantities b ut in vario ll s 
fo rms througho llt the world . It is fo LJnd in metal 

_/ 

o res such as copper pyrites or chalcopyritc (C uFcS2 ) 

and zinc blend e (Z nS) and in volcanic regio ns o f 
the world. N atural gas and o il contain sulfur and 
its com po llnds, but the m ajority o f this sulfur is 
rem oved as it wollld cause enviro nmental problems. 
Sulfur obtained fro m these so urces is kn own as 
' recovered sulfur' and it is an important source o f th e 
clem ent. It is also found as elemental sulfur in sulfur 
beds in Po land, Ru ssia and the US (Louisiana ). These 
sulfur beds arc typically 200 m below th e ground. 
Sulfur fro m these beds is extracted using the Frasch 
process, nam ed after its invento r H ermann Frasch. 

Uses of sulfur 
Sulfm has a very im portant role in th e chemical 
indust ry. The vast majority o f sulfur is used to 
produce perhaps the most im portant indust rial 
chemical, sulforic acid . Sulfur is also LJscd to 
vulcanise rubber, a p rocess which makes the ru bber 
harder and increases its elasticity. Relatively sm all 
am o unts arc used in the manu facture o f m atches, 
fireworks and fung icides, as a sterilising agent and in 
m edicines . 

Chemical properties of sulfur 
Sulfm will react with both metals and no n-m etals. 

• It reacts with magnesium metal to fo rm magnesium 
sulfidc. 

magnesium + sulfur ---> magnesium sulfidc 
Mg(s) + S(s) - MgS(s) 

• It reacts with oxygen to produce sulfur di oxide gas. 

sulfur + oxygen ---> sulfur d ioxide 
S(s) + 0 2(g) - S02(g) 
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• Sulfur dioxide 
Sulfur diox ide is a colo urless gas prod uced when 
sulfur or substances containing sulfur, fo r example 
crud e o il or natural gas, arc burned in oxygen gas . It 
has a chokin g smell and is extremely po isonous. The 
gas dissolves in water to p rodu ce an acidic solutio n o f 
sulfu rous acid. 

sulfur di oxide + water ~ sulfu rous ;1cid 
SO,(g) + H,O(i) c= H,so ,(,q) 

This solution turns m oist uni versal indicator paper 
red. It is one o f the major pollutant gases and is th e 
gas principally responsible fo r acid rain. However, it 
docs have so me uses: as a bleaching agent fo r paper 
m anufacture, in fumigan ts and in the preservatio n o f 
food by killing bacteria. 

Sulfur dioxide will turn acidified potassium 
m anganatc(vn) solutio n fro m purple to co lo urless 
(Figure 12.2). 

Figure 12.2 Testforsulfurdioxide. 

Question 
1 'Sulfur is a non-metallic element.' Discuss this statement, 

giving physical and chemical reasons to support your 

Acid rain 
Rainwater is naturally acidic since it dissolves carbon 
dioxide gas from the atm osphere as it fall s. Natural 
rainwater has a pH of about 5 .7. In recent years, 
especially in central Europe, the pH of rainwater has 
fallen to between pH 3 and pH 4 .8 . This increase 

Figure 12.3 This forest has been devastated byac:id rain. 

in acidity has led to extensive damage to fo rests 
(Figure 12.3), lakes and marine life. 

In addition it has led to the increased corrosion 
of exposed metals and to damage to buildings and 
statues made from limestone or marble (Figure 12.4). 
The sulfu rous acid in rainwater oxidises to sulfuric 
acid. The sulfuric acid reacts with the limestone, 
whi ch is eaten away by the chemical process . 

limesto ne + sulfuric acid ---+ calcium + wat er + carbon 
sulfate dioxide 

CaCOis) + H 2S0 hq) ---+ CaSOh) + H 20 (1) + CO i(g) 

Figure 12.4 Acid rain is responsible for much of the damage to this 
temple on the Acropolis in Athens. 

The amount of sulfor dioxid e in the atm osphere has 
increased dramatically over recent years. There has 
always been some sulfur dioxide in the atmosphere, 
from natural processes such as volcanoes and ro tting 
vegetation. O ver Europe, however, around 80% 
of the sulfor di oxide in the atm osphere is fo rmed 
from the combustion of fuels containing sulfur 
(Figure 12.5 ). After dissolving in rain to produce 
sulfurous acid , it reacts furth er with oxygen to fo rm 
sulfuri c acid. 



Figure 12.5 Sourcesofsulfurdioxide. 

pow~ 
stations 
60'>1 

Nitric acid (H N0 3 ) in the atmosp here , fo rmed from 
N0 2 gas dissolving in the rainwater, also contributes 
to th e productio n of acid rain . 

Questions 
1 How could the amount of sulfur dioxide being produced by 

the above sources be reduced? 
2 Devise an experiment which you could carry out in the 

school laboratory to determine the amount of sulfur in two 
different types of coal. 

• Sulfuric acid 
Industrial manufacture of sulfuric 
acid - the Contact process 
The major use of sulfur is in the production of 
sulfuric acid. This is probably the most important 
industrial chemical, and the qmntity of it produced 
by a country has been linked with the economic 
stabili ty of the country. In excess of 150 million 
tonnes of sulfuric acid arc produced worldwide each 
year. lt is used mainly as the raw material fo r th e 
production of many substances (Figure 12.6). 

The process by which sulfuric acid is produced is 
known as the Co ntact process (Figure 12.7). 

Sulfuric acid 

metal salts 

Figure 12.6 Productsmadefromsulfuric acidincludedetergents,paints 
and pigments. 
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Figure 12.7 A Contact process plant used for making sulfuric acid. 

The process has the fo llowing stages. 

• Sulfor dioxide is first produced , primarily by th e 
reactio n o f sulfor with air. 

sulfur + oxygen ----+ sulfur dioxide 
S(, ) + 0 2(s) - S02(s) 

• Any dust and impurities arc rem oved fro m the 
sulfor dioxide p rodu ced , as well as any unrcactcd 
oxygen. These ' clean ' gases arc heated to a 
temperature of approximately 450 °C and tCd 
into a reactio n vessel , where they arc passed over 
a catalyst of vanadium(v ) oxide (V 20 5 ) . This 
catalyses the reacti on between sulfur dioxide 
and oxygen to prod uce sulfor trioxide (sulfur(VI ) 
oxide, S03 ) . 

sulfur + oxygen:;;::=: sulfur 
dioxide trioxide 
2S0 2(g) + 0 2(g) ;= 2S0 3(g) 1'. H~ - 197 kJmoJ- 1 

This reactio n is n:vcrsiblc and so the ideas o f 
Le Chatdicr (C hapter 11 , p. 178 ) can be used 
to increase the propo rtio n o f sulfu r trioxide in 
the equilibrium mixture . The fo rward reaction 
is exothermic and so would be fu vourcd by low 
temperatures . The temperature o f 450 °C used 
is an o ptimum temperature whi ch produces 
sufficient sulfur trio xide at an econo mical rate. 
Since the reacti o n from left to right is also 
accompanied by a decrease in the number 

o f m olecules o f gas, it will be favoured by a 
hig h pressure. In reality, the process is run at 
atmospheri c pressure. Under th ese conditio ns, 
about 96% o f the sulfur dioxide and oxygen arc 
converted into sulfur trioxide. The heat produced 
by this reactio n is used to heat the incoming gases, 
thereby saving m o ney. 

• If this sulfur trioxide is added directly to water, 
sulfuric acid is produced. This reactio n , however, 
is very vio lent and a thick mist is produced. 

sulfur triox ide + water ----> sulfuri c acid 
S03(g) + H 20 (!) - H2S0 4(1) 

This acid mist is very difficult to deal with and 
so a different route to sulfuric acid is employed. 
Instead , the sulfur trioxide is dissolved in 
concentrated sulfuri c acid (9 8%) to g ive a 
substance called oleum. 

sulfuric acid + sulfur tri oxide ----> olcum 
H2S0 4(,q) + S0 3(g) - H 2S20 7(1) 

The olcum form ed is then added to the correct 
am ount o f water to produce sulfuric acid o f the 
required conce ntratio n. 

o leum + water ----> sulfuric acid 
H2S20 7(1) + H20 (!) - 2H 2S0 4(1) 

Questions 
1 Produce a flow diagram to show the different processes 

which occur during the production of sulfuric acid by 
the Contact process. Write balanced chemical equations 
showing the processes which occur at the different 
stages, giving the essential raw materials and conditions 
used. 

2 Both the following reactions are reversible: 
(i ) X2(g) + Oi(g) ----. 2XO(g) 
{ii) 2XO(g) + Oi(g) -> 2X01(g) 
Suggest a reason why an increase in pressure: 
a does not favour reaction (i) 
b increases the amount of X02 produced in reaction (ii). 

Uses of sulfuric acid 
Sulfuric acid has many uses in industry. It is such an 
important bulk chemical that th e am o unt o f sulfi.uic 
acid whi ch a country uses in o ne year can be seen as 
a m easure o f that country's econo mic develo pment, 
that is, how m o dern or wealthy it is. 



For example, concentrated sulforic acid is used: 

• for making detergents (Chapter 15, p. 239) 
• as a catalyst (Chapter 7, p. 109 and C hapter 14, 

p. 224) 
• as a dehydrating agent (sec p. 202 fo r the effect 

it has on hydrates such as coppcr(n) sulfatc 
pentahydratc). 

H owever, the concentrated acid is often mixed with 
water to fo rm dilute sulfori c acid. The diluted acid 
is used: 

• fo r making fertilisers (Chapter 11 , p. 180) 
• for treating metals to remove ox idation 

(' pickling') befo re painting 
• in an odising aluminium (Chapter 5, p. 76 ) 
• as the acid in car batteries 
• fo r making paints, dyes and fibres 
• as a common laboratory reagent. 

Properti es of sulfuric ac id 

Dil ut e sulfuric acid 
Dilute sulforic acid is a typical strong dibasic acid. 
A di basic acid is one with two replacea ble hyd rogen 
atoms which may produce two series of salts -
normal and acid salts (Chapter 8 , pp. 122 and 126). 

It will react with bases such as sodium hydroxide 
and coppcr(n) oxide to produce normal salts, called 
sulfates, and water. 

• With sodium hydroxide: 

sodium + sulforic ---> sodium + water 
hydroxide acid sulfatc 

2N,OH(,q) + H,so ,(,q) - N,,SO.(,q) + H, O(!) 

• With coppcr(n) oxide: 

coppcr(n) + sulforic ---> copper(n) + water 
oxide acid sulfatc 

CuO(s) + H2S0 4 (,q) - CuS0 4(,q) + H 20 (!) 

It also reacts with carbonates to give normal 
salts, carbon dioxide and water, and with reactive 
metals to give a normal salt and hydrogen gas . The 
reaction between zinc and sulfuri c acid is often 
used to prepare hydrogen gas in the laboratory 
(Figure 12 .8 ). 

zinc + sulfori c acid ---> zinc sulfatc + hydrogen 
Zn(s) + H2S0 4(,q) - ZnS0 4(,q) + H 2(g) 

Sulfuric acid 

zinc granules 

Figure 12.8 The laboratory preparation of hydrogen gas. 

The preparation of the acid salt with sodium hydroxide 
requires twice the volume of acid as that used in the 
preparation of the normal salt. Therefo re, if25 cm3 of 
dilute sulfi.uic acid were required to form the normal 
salt from a given volume of alkali of a particular 
concentration then 50 cm3 of the same acid solution 
would be required to produce the acid salt, sodium 
hydrogcnsulfatc, from the same volume of alkali. 

sodium + sulfuric sodium + water 
hydroxide acid hydrogensulfute 
NaOH(aq) + H 2S0 4(aq) ---,. NaHS04(aq) + H 20 (t) 

Su lfates 
The salts of sulfuric acid, sulfates, can be identified 
by a simple test -tu be reacti on. To test fo r a sulfate, 
add a few drops of dilute hydrochloric acid to your 
unknown followed by a few drops of barium chloride. 
If a sulfatc is present, a white precipitate of barium 
sulfatc fo rms. 

barium io ns + sulfatc ions ---> barium sulfatc 
Ba2+(aq) + so/- (aq) ---> BaS0 4(s) 

Many sulfatcs have very important uses, as can be 
seen from Table 12 .1. 

Table 12.1 Uses of so me m etal sulfates. 

Salt Formu la Use 

Ammonium (NH4)iS04 Fertiliser 
sulfate 

Barium BaS04 'Bariummeal ' used indiagnostic 
sulfate medical X-ray studies 

Calcium 
sulfate 

Ca504.1H20 'Plasterof Paris'usedtosetbones 

Magnesium MgS04 lnmedicineitisusedasalaxative 
sulfate 
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Concentrated sulfuric acid 
Concentrated sulfori c acid is a powerful dehydrating 
agent - it will take water fro m a variety o f 
substances . One such substance is cane sugar, o r 
sucrose (Figure 12.9 ). 

sucrose (sugar) mnc tt,so. carbon + water 

C12H22 0 11 (s) ~ 12C(,) + IIH20 (1) 

Concentrated sulfuri c acid will also take water 
from hydrated coppcr(n ) sulfatc crystals, leaving 
only anhydrous copper(n ) sulfatc. If a few drops of 
concentrated sulfuric acid arc added to som e blue 
hydrated coppcr(n) sulfatc crystals, they slowly turn 
white as the water o f crystallisatio n is rem oved by tht: 
acid. Eventually, only a white powder - anhydrous 
coppcr(n ) sulfatc - remains. 

hydrated cone H,so. anhydro us + water 

coppcr( n) sulfatc coppcr(n) 
sulfutc 

CuS0 4.5H20 (,) ~ CuSO.(,) + 5H20 (1) 

Concentrated sulfuri c acid sho uld be treated very 
carefull y, because it will also rem ove water fro m 
flesh ! It is a very corrosive substance and sho uld 
always be handled with care . 

Diluting concentrated sulfuri c acid must be done 
with great care because o f its affini ty fo r water. The 
concentrated sulfuric acid sho uld always be add ed to 
the water, not th e other way around. 

Many gases arc also dried by passin g th em 
th rough concentrated sulfuric acid. One exception is 
ammo nia. Amm o nia is alkaline so it cann o t be dried 
in this way as it would react with the sulfuric acid. 

Concentrated sulforic acid will also act as a 
powerful oxidising agent. Fo r example, when 
heated with m etal s such as copper it will oxidise 
them to copper io ns and form coppcr(n ) sulfatc. 

copper +concentr.i.ted~ copper(n) + water + sulfur 
sulfuric acid sulfate dioxide 

Cu(s) + 2H2S0 4(t) ---.... CuS0 4(aq) + 2H20 (t) + SOi(g) 

This reactio n is o ften used as a m etho d o f making 
sulfur dioxide in th e labo ratory. 

An interesting property o f concentrated sulfuric 
acid is that it can be used to make nitric acid and 
hyd rochl oric acid (bo th these acids arc more volatile 
than concentrated sulfuric acid ). 

If concentrated sulfmic acid is added to a m etal 
chl oride such as sodium chloride, hydrogen chloride 
gas is produced. 

sodium +concentrated---+ sodium + hyd rogen 
chlo rid e sulfuric acid hyd rogcnsulfatc chlo ride 
N,Cl(,)+ H2S04(l) - N, HS04(,) + HCl(g) 

If the hyd rogen chl o ride is dissolved in water, then 
Figure 12.9 The concentrated sulfuric acid has removed the elements of dilute hydrochlo ric acid is produced. 
waterfromthesugar,leavingblac:kcarbon. 



If concentrated sulfuric acid is heated with a m etal 
nitrate su ch as sodium nitrate, nitric acid vapo ur is 
prod uced. 

sodium + concentrated----+ sodium + nitric 
nitrate sulfuric acid hydrogensulfate acid 

NaNOi s) + H2S0 i1 ) ----+ NaHS0 4(s) + HN03(g) 

N eithe r o f these metho d s would be suitable for 
making these acids o n a large scale . 

Check list 
After studying Chapter 12 you should know and understand 
the following terms. 

• Acid rain Rainwater with a pH in the range 3 to 4.8. 
• Bulk chemica l A chemical produced in large quantities 

by standard chemical reactions, for example ammoina and 
sulfuricacid. 

• Contact p rocess The industrial manufacture of sulfuric 
acid using the raw materials sulfur and air. 

• Dehydrating agent A substance that will remove water 
or the elements of water from another substance. 

• Dibasic acid An acid which contains two replaceable 
hydrogen atoms per molecule of the acid, for example 
sulfuricacid, H2S04. 

Check fist 

Quest ions 
1 If you were given an unlabelled bottle which was 

thought to be dilute sulfuric acid, how would you show 
that the solution contained sulfate ions (So/-(aq)), how 
would you show that it was an acid and how would you 
determine the concentration of the acid? 

2 Write balanced chemical equations for the reactions 
between dilute sulfuric acid and: 
a zincoxide 
b potassium carbonate 
c aluminium. 

3 Describe, with the aid of equations, how concentrated 
sulfuricacid can react as: 
a a dehydrating agent 
b an oxidising agent. 

• Oleum Very concentrated sulfuric acid (98%). 
• Soapless det ergents Substances which are more 

effective than soap at producing lathers, especially in hard 
water areas. They are large organic molecules, produced 
usingsulfuricacid. 

• Sulfate A salt of sulfuric acid formed by the reaction 
of the acid with carbonates, bases and some metals. It is 
possible to test for the presence of a sulfate by the addition 
of dilute hydrochloric acid and some barium chloride 
solution. A white precipitate of barium sulfate is formed if a 
sulfate is present. 
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• Additional questions 
1 Sulfur has an atomic number of 16 and it is 

represented as: 

ns 
a How many electrons, protons and neutrons docs 

a sulfor atom contain? 
b How many electrons will there be in the outer 

shell (energy level ) of this atom1 
c To which group of the Periodic Table docs 

sulfur belong? 
d Write down the names of two other elements 

found in the same group as sulfor. 
e Write down the formula of the ion that sulfor 

will form in reactions with metals such as 
magnesium. 

f Sulfor will react with powdered calcium when 
the mixture is heated. Write a word and a 
balanced chemical equation for this reaction. 

g Give two large-scale uses of sulfur. 

2 Explain the following. 
a Chemical plants that produce sulfuric acid arc 

often located on the coast. 
b Even though more sulfuric acid could be 

produced using high pressures, normal 
atmospheric pressure is used. 

c Natural rubber cannot be used to produce car 
tyres but vulcanised rubber can. 

d Sulfur dioxide gas is regarded as a pollutant. 
e Coal-fired and oil -fired power stations produce 

sulfur dioxide. Some of them arc being fitted 
with flue gas dcsulfurisation (FGD) units. 

3 A type of coal contains 0.5% of sulfur by mass. 
:i Write an equation for the formation of sulfur 

dioxide gas when this coal is burned. 
b What mass of sulfur is contained in 1500 tonnes 

of coal? 
c What mass of sulfur dioxide gas would be 

formed if 1500 tonnes of coal were burned? 
d What volume would this mass of su lfur dioxide 

gas occupy, measured at room temperature and 
pressure (rtp )? (A.: 0 = 16; S = 32. One mole of 
a gas occupies 24 dm3 at rtp. ) 

4 Fossil fuels, such as oil, coal and natural gas, all 
contain some su lfur. When these fuels arc burned 
they produce many different gases . Concern has 
grown in recent years about the effects of one of 
these gases, sulfur dioxide. When sulfur dioxide 
dissolves in rainwater it forms an acidic solution 
which has become known as acid rain. 
Money has been made available to solve the 
problem of acid rain. Attempts arc being made to 
clean gases being released from power stations and 
to look into ways in which the effects of acid rain 
can be reversed. The table below and Figure 12.5 
(p. 199 ) give some data about the emission of 
sulfur dioxide. 

Milliontonnesperyear 

USA 26 

Russia/Ukraine 18 

Germany 

UK 

Canada 

France 

Poland 

Italy 

Other countries 30 

:i Using the figures in the table, produce a bar 
chart to show the amount of sulfur dioxide 
produced by each of the countries listed. 

b What percentage of th e world's sulfur dioxide is 
produced in: 
(i) France? 
(ii) North America? 

c Using the information above, explain why 
countries such as the US, Russia and Germany 
arc at the top of the list of sulfur dioxide 
producers. 

d If the total amount ofsulfur dioxide produced 
by Canada is 5 million tonnes per year, what 
amount is produced by: 
(i) power stations/ 
(ii) domestic users? 
(iii)industry? 



5 Study the following reaction scheme: 

Sulfur 

~ oxygen/catalystG 

Oxygen gas ~furicacid 

/GasA\ Ga~ ;~,oc,at,at,d 
rain/air Fumingsulfuric 

acid (oleum) 

,,o, I 
filings water 

Solution C ---- Dilute sulfuric ---- Concentrated 
acid sulfuricacid 

GasD 

!'""~' 
Black solid E + Gas F 

a Identify the substances A to F by giving their 
names and formub.c. 

b Write a balanced chemical equation for the 
formation of gas B. 

c (i) Describe a chemical test, and give the 
positive result ofit, to identify gas D. 

( ii) Describe a chemical test, and give the 
positive result ofit, to identify gas F. 

d How would you obtain solid C from the 
solutionC? 

e Which pathway shows the formation of acid rain? 
f In which way is the concentrated sulforic acid 

acting in its reaction with sucrosd 
g Where docs the oxygen gas come from to form 

gas A? 

Additional questions 

6 In a neutralisation experiment, 25 cm3 of dilute 
sulfuric acid was required to react completely with 
40cm3 ofa solution of0.25moldm-3 potassium 
hydroxide. 
a Write a balanced chemical equation for the 

reaction between dilute sulfuric acid and 
potassium hydroxide. 

b Calculate the number of moles of potassium 
hydroxide solution used in the reaction. 

c How many moles of dilute sulfuric acid would 
this number of moles of potassium hydroxide 
react with? 

d Calculate the concentration of the dilute sulfuric 
acid. 

e Which indicator could have been used to 
determine when neutralisation had just 
occurred? 

7 Describe how you would prepare some crystals of 
hydrated copper(n) sulfatc from coppcr(n ) oxide 
and dilute sulforic acid. Draw a diagram of the 
apparatus you would use and ,vritc a balanced 
chemical equation for the reaction. 

8 Sulfuric acid is manufactured by the Contact 
process, in which a mixture of sulfur dioxide and 
excess air, preheated to 450 °C, is passed over a 
catalyst. 
a How is the sulfur dioxide made? Give an 

equation for the reaction. 
b Write the balanced chemical equation for the 

reaction that takes place between sulfur dioxide 
and air. 

c Name a suitable catalyst for the reaction. 
d Why is a catalyst necessary for this process? 
e The product of this reaction will react directly 

with water. When it docs so, it forms sulfuric 
acid. However, the method is impractical 
because the reaction is exothermic and an 
acid mist forms. Describe the modern indirect 
method of changing the product of the reaction 
between sulfur dioxide and air to form sulfuric 
acid. 

f Give two uses of concentrated sulfuric acid. 



@ Inorganic carbon chemistry 

Limestone 
Direct uses of limestone 
Indirect uses of limestone 

Carbonates 
Properties of carbonates 

• Limestone 

Environmental Problems in 
the Peak District National Park 

Local residen ts have been protesting against 
p roposals to site a new limesto ne qu arry in the 
beautiful D erbyshire Peak District in th e U K. 
H owever, limesto ne is such a useful and sought­
after mineral th at dem and has encouraged mining 
in N atio nal Park areas . 

Figure 13.1 ThisgorgeinthePeakDistrictNationalParkintheUKis 
made from limestone. 

Carbon dioxide 
Uses of carbon dioxide 
Laboratory preparation of carbon dioxide gas 
Properties of carbon dioxide gas 

Checklist 

Additional questions 

As the newspaper artick on th e left says, limestone 
is found in th e Peak District, an example being this 
gorge on th e Ri ver Wyc in th t: UK (Figure 13. l ). As 
well as g iving rise to bcautifol and vari ed countryside, 
limesto ne is a very useful raw material. 

Limesto ne is com posed o f calcium carbonate 
(CaC03 ) in the form of the mineral calcite 
(Figure 13.2). Chalk and marble arc also made of 
calcite which is the second most abundant mineral in 
the Earth 's crust after the d ifferent types o f silicates 
(which include clay, g ranite and sandsto ne). 

Chalk is made of the 'shel ls' o f marine algae (th at 
is, plan ts) . It is a form o f limesto ne. Most other 
limesto nes arc fo rm ed fro m the debris of animal 
structures, fo r example brachiopods and crino ids. 

Marble is a m etamorphic rock made o f calcium 
carbo nate. It is fo rm ed when limesto ne is subjected 
to hig h pressures o r hig h temperatures, o r som etimes 
both acting together, to create cr ystals o f calcium 
carbo nate in the rock. 

In a typical year, in excess o f 500 millio n to nnes 
o flimcsto nc arc qu arried worldwide. Altho ug h it is 
cheap to qu arry, as it is found near the surface, there 
arc som e enviro nmental costs in its extractio n. 

Question 
1 List the environmental issues which could arise through the 

quarrying of limestone. 



Figu re 13.2 Chalk, calcite and marble are all forms of calcium carbonate. 

Direct uses of limest one 
Limestone has a variety of uses in , fo r exampk, the 
making of cement, road building, glass making and 
the ex traction of iron (Figure 13.3 ). 

Figure 13.3 Uses of limestone. 

Limestone 

construction 
Industry 

ca lcium oxide 
(ll me)manufacture 

manufacture 

sodium carbonate ------1 manufacture 

,~, 
bulldlng 
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Neutralisation of acid soil 
Powdered limesto ne is m ost o ft.en used to neutralise 
acid soil (Figure 13.4) because it is cheaper than 
any fo rm ofli1m: (calcium ox ide ), which has to be 
produced by heating limestone (sec p. 209), and 
becau se it is slow actin g and an excess docs no t make 
the soil alkalin e. The reaction oflimcstonc with acidic 
soil can be shown by the fo llowing io nic equatio n. 

carbonate ion + hyd rogen io n ----> carbo n + water 
dioxide 

Figure 13.4 Spreadinglimestoneontosoil. 

Manufacture of iron and steel 
In the bl ast furnace, limesto ne is used to rem ove 
earthy and sandy materials found in th e iron ore. 
A liquid slag is formed , which is mainly calcium 
silicate . Mo re details o f th e extracti on o f iron and its 
conversio n into steel a.re given in C hapter 10. 

Manufacture of cement and concrete 
Limestone (or chalk) is mixed with clay (or shale ) 
in a heated rotary kiln , using coal or o il as the fuel 
(Fig ure 13 .5 ). The material produced is called 

cem ent. lt contains a mixture o f calcium a.lumina. te 
(Ca(AI 0 2)i ) and calcium silicate (CaSi03 ) . 

The dry product is ground to a powder and then a 
little calcium sulfate (CaS04 ) is added to slow down 
the settin g rate o f the cem ent. When water is add ed 
to the mixture, slow complex chemical chan ges occur, 
resultin g in th e fo rmatio n o f a hard interl ocking mass 
o f crystals o f hydrated calcium aluminatc and silicate . 

Concrete is a mixture o f cem ent with sto ne 
chippings and sand , which help to give it body. After 
the in gredien ts have been mixed with water they arc 
po ured into wooden m o ulds and allowed to set hard. 
Reinforced co ncrete is ma.de by allowing concrete to 
set a. round steel rods or m esh to g ive it greater tensile 
streng th , which is required fo r the constructio n o f 
large bridges (Figure 13 .6 ) and ta. II buildings . 

Figure 13.6 This bridge in Brazil uses reinforced concrete. 



Ind irect uses o f limest one 

Li me manufactu re 
\.Yhcn calcium carbonate is heated strongly it 
thermally d issociates (breaks up reversibly) to fo rm 
calcium ox ide (lime) and carbon dioxide . 

calcium carbonate ~ calcium oxide + carbon dioxide 

CaCOis) CaO(s) CO ,(g) 

This reaction can go in either directio n , depending o n 
the temperature and pressure used. This react ion is an 
important industrial process and takes place in a lime 
kiln (Figure 13.7 ). In excess of 60 million tonnes of 
calcium oxide arc prod uced world wide every year. 

C02and othergases 

lime(CaO) out 

}

exit gases cooled 
and limestone 
(CaC03) heated 

} ,eact;oo ,ooo 

} 

:~:;oos 
lime(CaO) 
cooled and 
air heated 

Figure 13.7 The calcium oxide produced from this process is known as 
quicklime or lime and is used in large quantities in the manufacture of 
soda glass. 

Calcium oxide (Ca.O) is a base and is still used by 
some farmers to spread o n fields to neutralise soil 
acidity and to improve drainage of water throug h soils 
that contain large amounts o f clay. It is also used to 
neutralise industrial waste p roducts, for example in flue 

Limestone 

50%sand 

25% scrapglass 

Figure 13.8 The composit ion of glass. 

gas desulforisatio n. It also has uses as a drying agent 
in industry and in the manufacture o f mo uthwash. 
Soda g lass is made by heating sand with soda (sodium 
carbonate, Na2C 0 3 ) and lime (Figure 13.8 ). Fo r 
forthcr discussio n o f glasses sec Chapter 3, p. 54. 

Large am ounts o f calcium oxide arc also converted 
into calcium hyd roxide (Ca(OH)i) which is called 
slaked lime. 

Ma nufacture of ca lcium hyd roxide -
slaked lime 
Calcium hyd rox ide is a cheap industrial a lkali 
(Figure 13.9 ). It is used in large quantiti es to make 
bleachin g powder, by som e farmers to redu ce 
soil acidity, fo r neutralisin g acidic industrial waste 
p roducts, in th e manufacture o f whitewash , in g la ss 
manufacture and in water purificatio n. C alcium 
hyd roxide, in its white powder form , is produ ced by 
addin g an equal amount o f water to calcium o xid e 
in a care full y controlled reactio n. The control is 
need ed because it is a very exothermi c reactio n. 
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This process can be shown on th e small scak in 
the laborato ry by heating a lump of limcstom: very 
st rong ly to convert it to calcium oxide. Water can 
then be can:fully added d ropwisc to th e calcium 
oxide. An exo thermic reactio n takes place as th e 
water and calcium o xid e react together in this slaking 
process to form calcium hydroxide. 

calcium oxide + water -----,. calcium hydroxide 
CaO(, ) + H20 (!) - Ca(OH),(s) 

A wea k solutio n of calcium hyd roxide in water 
is called limewater. It is used to test for carbo n 
di oxide gas, as a white solid o f calcium carbo nate 
is fo rm ed if carbon dioxide gas is mixed with it 
(Figure 13.10): 

calcium + carbon ----> calcium + water 
hydroxide dioxide carbonate 

Ca(OH),(,q) + C0 2(g) - CaC0 3( , ) + H20 (!) 

This brings us full cycle from limestone ( calcium 
carbonate, C aC 0 3 ) , throu gh calcium oxide (C aO ) 
and back to calcium carbonate (limestone). This is 
kn own as the 'limestone cycle ' (Figure 13.11 ). 

0 

b The limewater turnscloudy. 

c If the C02 is bubbled for longer the white precipitate dissolves. 
Figure13 .1 0 Testingforcarbondioxide. 
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Figure 13.11 The limestone cycle. 

heat 
- C02 

quicklime 
(calcium 

oxide,CaO) 

If carbon dioxide is bubbled fo r a further leng th 
of time th en th e white precipitate of calcium 
carbonate dissolves and a solution of calcium 
hydrogcncarbonatc is produced: 

calcium + carbon + water calcium 
carbonate diox ide hydrogen-

carbonate 
C, C03(s) + C02(g) + H20 (!) - C,(HC03),(,q) 

Calcium hydroxide (slaked lime ) is mixed with sand 
to give mortar. When it is mixed with water and 
allowed to set a strongly bond ed material is fo rmed , 
which is used to ho ld bricks together. The hard ening 
of mortar takes place as the fo llowing reaction occurs. 

calcium + carbo n ---+ calcium + water 
hyd rox ide dioxide carbonate 

C,(O H ),(,q) + C02(g) - C,C03(s) + H20 (!) 

Questions 
1 Some suggested building alternatives to limestone are 

sandstone and granite. What would be the benefits of 
using either of these two materials instead of limestone? 
For further information, consult the Internet. 

2 Devise an experiment that you could carry out in the 
laboratory to establish whether or not powdered limestone 
is better at curing soil acidity than calcium oxide. 

3 Why is the metallic calcium oxide described as a 'base'? 

• Carbonates 
Carbonates fo rm an important range of compounds. 
They arc all salts o f carbonic acid (H 2C03 ) and 
contain the carbonate ion (CO/-). Many of them 
occur naturally in rock fo rm ations. Fo r example, in 

Ca rbonates 

Figure 13.12 Three naturally occurring carbonates -dolomite with 
magnesiteinfrontOeft)andmalachite(right). 

addition to the calcium carbonate in limestone, chalk 
and marble, malachite is coppcr(11 ) carbonate and 
do lomite is magnesium carbonate (Figure 13 .1 2). 

Propert ies of carbonates 
• M ost metal carbonates thermally decompose when 

heated to form th e metal oxide and carbon dioxide 
gas (sec Chapter 10, p. 152). For example, 

copper( 11 ) copper( 11 ) carbon 
carbonate oxide di oxide 
CuC0 3( , ) CuO(s) + C0 2(g) 

Group I metal carbonates, except fo r lithium 
carbonate, do no t dissociate on heating. It is 
generally found th at the carbonates o f the more 
reactive metals arc mu ch more difficult to dissociate 
than , fo r example, coppcr(11 ) carbonate . Fo r forthcr 
discussion of the effect o f heat on carbonates sec 
C hapter 10, p. 152. 

• Carbonates arc generally insoluble in water except 
for those of sodium, po tassium and ammonium. 

• Carbonates react with acids to fo rm salts, carbon 
dioxide and water (C hapter 8, p. 12 3). For 
cxampk, calcium carbonate reacts with dilute 
hyd rochloric acid to fo rm calcium chlo rid e, carbon 
dioxide and water. 

calciwn + hydrochloric -> calcium + carlxm + water 

carbonate acid chloride dioxide 

CaCOJ(.) + 2H Cl(aq ) -> CaCl2(aq) + COi{g) + H20 (1) 

• This reacti on is used in th e laboratory preparation 
of carbon diox ide (p. 21 4). It is also used as a 
test fo r a carbonate because the reaction produces 
carbon dioxide which causes effervescence and if 
bubbled th rough limcwatcr turns it chalky white. 
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Questions 
1 Write word and balanced chemical equations to show the 

effect of heat on cobalt carbonate (CoC03) and nickel 
carbonate (NiC03). 

2 Write word and balanced chemical equations for the 
reaction of dilute hydrochloric acid with: 
a copper(n) carbonate b sodium carbonate. 

• Carbon dioxide 
Carbon forms two oxid es - carbo n m o noxide (CO ) 
and carbo n diox ide (C0 2 ). Carbo n dioxide is the 
m o re impo rtant o f the two, and in industry large 
amo unts o f carbo n dioxidt: arc obtained fro m th e 
liquefaction of air. Air contains approximately 0.03% 
by volume of carbon di oxide. This value has remained 
almost constant for a lo ng perio d o f time and is 
maintained via the carbon cycle (Fig ure 13 .1 3). 
H owever, scientists have recently detected an increase 
in the am o unt o f carbo n di oxide in th e atm osphere 
to approximately 0.04%. 

~~ ( ;a,h,a;, \ SUN 

,~p\t;oo :::;;;~:::~:"b~::~:· phot)osynthesis 

o"'CO' ~ ~ 

~ 
'-... .·_p·l~~tsgiveoutoxyg~ 

burned as fuels "-. - ·· \ 

p,orrlducingC02 deatha~ecay decay 

carbon compounds 
in oil,gas,coal 
and carbonates - """IE,!c,;0-"_"'.;:;, 

Figure 13.1 3 The carbon cycle. 

C arbon dioxide is p roduced by burning fossil fods. 
It is also produced by all living o rganisms throu gh 
aerobic respiration. Animals take in oxygen and 
breathe o ut carbo n di oxid e. 

glucose + oxygen -+ carbon dioxide + water + energy 

C6 H 120 daq) + 602(s) ---> 6C02(s) + 6H20 (t) 

Carbo n dioxid e is taken in by plants throug h their 
leaves and used together with water, taken in 
through their roots, to synthesise sugars. This is the 
process o f photosynthesis, and it takes place only 
in sunlight and o nly in g reen leaves, as they contain 
chlorophyll (the g reen pig ment) which catalyses 
the process. 

carbon dioxide + water c~::.:~~.u» glucose + oxygen 
6COi(s) + 6H20 (1) ________. C6H u Oi><t) + 60i(s) 

The carbon cycle has continu ed in this m anner fo r 
milli ons o f years. H owever, scientists have detected 
an imbalance in the carbo n cycle due to the increase 
in the amo unt o f carbon di oxide p roduced throug h 
burning foss il fuels and the deforestatio n oflarge 
areas o f t ropical rain fo rest. The Earth 's climate is 
affected by th e levels of carbon di oxide (and water 
vapour) in the atmosphere. If th e am o unt o f carbon 
dioxide, in particular, builds up in th e air, it is 
tho ught that th e average temperature of the Earth 
will rise. Thi s effect is known as the greenho use 
effect ( Figure 13.14). 

Som e e nergy fro m the Sun is absorbed by 
th e Earth and its atmosphere. The rem ainde r 
is reflected back into space. The energy that is 
absorbed helps to heat up th e Earth. The Earth 
radiates som e heat ene rgy back into space but 
th e 'greenh o use gases', including carbo n di oxide, 
prevent it fro m escaping . This e ffect is similar 
to th at o bser ved in a g ree nh o use where sunlight 
(visible/ ultravio let radiati o n ) enters th rough 
th e g la ss panes but heat (infrared radiati o n ) has 
diffi cu lty escaping throug h the g lass. Other gases 
also contribute to the g reenh o use effect . One 
o f th ese is methane, whi ch is p rodu ced fro m 
ag riculture and released fro m landfill sites as well as 
rice field s. 

The lo ng-term effect o f the hig her temperatures 
o f the greenho use effect and the subsequent global 
warming will be the continued gradu al melting o f 
ice caps and consequent flooding in low-lying areas 
o f th e Earth. There will also be furth er changes in the 
weather patterns which will further affect agriculture 
worldwide. 
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Figure 13.14 The greenhouse effect. 

These problems have been recogni sed by nations 
worldwid e. Recent agreements und er the Kyoto 
Protocol between nati ons mean that there will be 
some reduction in th e am ount of carbon dioxide (and 
o ther greenhouse gases ) produ ced over the next few 
years. H owever, th ere is still a long way to go . 

Questions 
1 'Burning fossil fuel in an aircraft engine is significantly 

worse than burning the fuel at ground level.' 
Discuss this statement in terms of the greenhouse effect 
and global warming . 

2 Use your research skills to find out about: 
a the carbon trading scheme 
b low-carbon homes 
c the Kyoto Protocol. 

3 Use your research skills to discover changes that are taking 
place to the ice caps and weather patterns worldwide. 

Carbon dioxide 

Uses of carbon dioxide 
Carbon dioxide has some important uses. 

• Carbonated drinks. Large quantities arc used to 
make soda and mineral waters. The carbon dioxide 
gas is bubbled into the liquid und er pressure, 
which increases its solubili ty. 

• Fire extinguishers. It is used in extinguishers fo r 
use o n electri cal fires . C arbon dioxide is denser 
than air and fo rm s a layer around th e burning 
material. It covers the fire and starves it o f oxygen. 
Carbon dioxide docs no t burn and so the fire is put 
out (Figure 13.15). 

a Any fire needs fuel, oxygen and heat. If any of these is removed, the 
fire triangle is destroyed and the fi re will be extinguished. 

b Carbon dioxide fire extinguishers starve the fire of oxygen. They are 
usedmainly forelectricalfires. 
Figure13.15 
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• Refrigerants.Solid carbon di oxide (dry ice) is used 
fo r rcfiigcrating ice cream, meat and soft fruit s. It 
is u sed fo r this purpose because it is colder than 
ice and it sublimes (p. 5 ), and so it d ocs no t pass 
th rough a potentially damaging liquid stage. 

• Special effects. Carbon dioxide is u sed to create 
th e 'sm oke' effect you may sec at pop concerts and 
o n televisi on. Dry ice is placed in boiling water and 
it fo rms thick clouds of white 'smoke' (Figure 1.9, 
p. 5 ). It stays close to the floor du e to the fact that 
carbon dioxide is d enser than air. 

• Heat transfer agents. Carbon dioxide gas is used 
fo r transferring heat in some nuclear power statio ns. 

Laboratory preparation of carbon 
dioxide gas 
In the laboratory th e gas is made by pouring dilute 
hyd rochloric acid on to marbk chips (CaC03) . 

calcium + hydrochloric ---> calcium + water + carbon 

carbonate acid chloride dioxide 

CaCOh) + 2HCl(aq) ---> CaCl2 (aq ) + H20 (1) + C02(g) 

A suitable apparatus for preparing carbo n dioxide is 
shown in Figure 13.16. 

marble 
ch ips 

carbon 
dioxide 

""If dry gas is required, then it is passed through concentrated 
sulfuric acid (to dry it) and then collected as shown below 

carbon• 
dioxide 

concentrated 
sulfuricacid 

Figure 13.16 Preparation and collection of carbon dioxide gas. 

Question 
1 List the important uses of carbon dioxide and for each use you 

have given in your answer explain why carbon dioxide is used . 

Properties of carbon dioxide gas 

Physical properties 
Carbo n diox ide is: 

• a colo urless gas 
• sparingly soluble in water 
• denser than air. 

Chemical properties 
• When bubbled into water it dissolves slightly 

and som e o f the carbo n dioxid e reacts, fo rmin g 
a solutio n o f the weak acid carbo nic acid which 
shows a pH o f 4 or 5. 

water + carbon dioxide ~ carbonic acid 
H 20 (I) + C02 (g) ~ H,co,(,q) 

• It will support the combustion o nly of stro ngly 
burning substances such as magn esium. This 
burning reactive m etal d ecomposes the carbo n 
dioxide to p rovide oxygen for its continu ed 
burning in th e gas . This reactio n is accompanied by 
much crackling (Figure 13.1 7 ). 

Figure 13.17 When magnesium burns in carbon dioxide gas, magnesium 
oxide (white) and carbon {black) are produced. 



magn esium + carbo n 
di oxid e 

2Mg(, ) + C02(g) 

magnesium + carbon 
oxid e 

2Mg0(, ) + C(s) 

Thi s reaction is a good example o f a redox process 
(Chapter 2, p. 14). Which o f these substances has 
been oxidised and which has been redu ced ? Which 
o f these substances is the oxidising agent and which 
is the reducing agent? 

• When carbo n dioxide is bubbled throu gh limewatcr 
(calcium hyd roxid e solution ), a white precipitate 
is formed. This white solid is calcium carbonate 
(CaC03 ) . This reactio n is used as a test to show 
that a gas is carbo n dioxide. 

carbon + calcium calcium + water 
dioxide hydroxide 
C02(g) + Ca(OHh(aq ) 

carbonate 

If carbo n dioxide is bubbled throug h this solutio n 
continuo usly th en it will eventually become clear. 
Thi s is because of th e formation o f soluble calcium 
hydrogen carbo nate solutio n. 

calcium + water + carbon 
carbonate dioxide 

calcium 
hydrogen­
carbonate 

• Carbon dioxide reacts with st rong alkalis, su ch as 
sodium h ydroxid e, to form carbo nates. A soluti o n 
o f sodium hyd roxid e can be used to absorb carbo n 
dioxide from the air. If excess carbo n dioxide is 
bubbled throug h a solutio n of an alkali then a 
white precipitate may be o btained. Thi s is due 
to th e fo rmatio n and precipitation o f the sodium 
hydrogen carbo nate: 

sodium + water + carbon 
carbonate dioxide 

sodium 
hydrogen­
carbonate 

Sodium h ydroge ncarbonate is quite a u seful 
substance. Because it is thermally unstable (easily 
decomposed by heat ) it is used as a ' raising agent' 
in baking (Chapter 8, p. 126). 

Check fist 

Questions 
1 Describe an experiment that you could carry out to show 

that carbonic acid is a weak acid. 
2 Why is it not possible to use dilute sulfuric acid to make 

carbon dioxide from limestone in the laboratory? 
3 When carbon dioxide is 'poured' from a gas jar on to a 

burning candle the candle goes out. What properties of 
carbon dioxide does this experiment show? 

Check list 
After studying Chapter 13 you should know and understand 
the following terms. 

• Aerobic respiration This is respira t ion that takes place 
in air. 

• Carbonate A salt of carbonic acid containing the 
carbonate ion, coi-. for example CuC03. 

• Carbon cycle The complex series of processes through 
which all of the carbon atoms in existence rotate. 

• Chlorophyll The green substance in plants that acts as a 
catalyst in photosynthesis. 

• Global warming The increased average temperature on 
Earth caused by the greenhouse effect. 

• Greenhouse effect The absorption of reflected infrared 
radiation from the Earth by gases in the atmosphere such as 
carbon dioxide (a greenhouse gas) leading to atmospheric or 
global warming. 

• Lime A white solid known chemically as calcium oxide 
(CaO). It is produced by heating limestone. It is used to 
counteract soil acidity and to manufacture calcium hydroxide 
(slaked lime). It is also used as a drying agent in industry. 

• Photosynthesis The opposite of respiration. The process 
by which plants synthesise sugars. 

• Raw materia ls The basic materials from which a product 
is made. For example, the raw materials for the Haber 
process are nitrogen and hydrogen. 

• Thermal decomposition The breakdown of a substance 
under the influence of heat. 

• Thermal dissociation The reversible breaking up of a 
substance under the influence of heat. 

0 
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• Additional questions 
1 This questio n is about the limesto ne cycle. 

heat 
Limestone ---- Compound A+ Carbon dioxide 

Limewater - ------ Compound B 
('slaked lime') 

:i Name and g ive the fo rmula o f: 
(i) compo und A (ii) compo und B. 

b Write balanced chemical equatio ns for the 
fo rmatio n o f both compo unds A and B. 

c Name and g ive the symbol/formula fo r the io ns 
present in limcwatcr. 

d Describe with the aid of a balanced chemical 
equatio n what happens if carbon dioxide is bubbled 
through limcwatcr until there is no further change. 

2 The diagram shown below is a simplified versio n o f 
th e carbon cycle. 

a N am c the processes A, B , C and D. 
b Write balanced chemical equatio ns to represent 

the processes taking place in A and B . 
c There arc a number o f fuels which could be 

placed in the ' fuels' box. Name three such fuels. 
d 'The air contains approximately 0.03% o f carbon 

dioxide and this amo unt is almost constant.' 
Explain why this is a trn e statem ent. 

e ( i ) What is the 'greenho use effect '? 
( ii ) Discuss the possible consequences o f the 

g reenh ouse effect if no thing is do ne to 
counteract it. 

3 Limesto ne is an important raw material used in 
many different industries. 

4 

a One o f the p roperties o flimesto ne is that it 
reacts with acids. 
( i ) Why do farmers spread powdered limesto ne 

on th eir fields? 
( ii ) H ow can buildings made o flimesto ne be 

affected by ' acid rain '? 
( iii )Write an io nic equation which wo uld 

represent the react ions taking place in both 
( i ) and ( ii ). 

b Limesto ne is used in the manufacture of iron 
(Ch,ptc, 10 , p. 158 ). 
( i ) Why is it add ed to the blast furnace alo ng 

with coke and haematite? 
( ii ) Write chemical equatio ns fo r the reactio ns it 

is involved in , in this process. 
c ( i ) Name a bui lding material made by heatin g 

a mixture of limestone and clay in a 
rotary kiln. 

( ii ) What substance is the dry produ ct produced 
in the rotary kiln added to1 
Explain why this substance is add ed. 

dissolves in water 
Carbon dioxide Acid A 

b,bb1,,L o,gh~ 
calcium hydroxide + burning 

,ora magaosl~ 

White precipitate D White solid B + carbon 

I I 
further bubbling 
of carbon dioxide 

I 
Colourless solution E 

I 
Alkaline so lution C 

a N am e and g ive the fo rmulae o f substances A 
to E . 



b Write balanced chemical equations for the 
reactions in whi ch compounds B, C and E were 
fo rmed. 

c Where would you ex pect to find acid N 
d Universal indicator solution was add ed to 

solution C. What colour did it go? 
e Upon addition of dilute hydrochloric acid to 

solution C , a neutralisation reaction took place. 
(i) Write a balanced chemical equation fo r the 

reaction taking place. 
(ii) Name the salt produ ced in this reaction. 

5 The fo llowing qu estion is about carbon di oxide. 

a Name and g ive the fo rmula of each of the 
substances A, B and C. 

b Identify by name the different pieces of 
apparatu s D , E , F and G. 

c Draw and label the apparatus that should be 
used if a dry sample of carbon dioxid e gas was 
required. 

d When a gas jar containing carbon diox ide is 
held over a burning wooden splint and the 
cover removed, the flame goes out. State two 
properties o f carbon dioxide illustrated by this 
o bservation. 

e Carbon di oxide is also prod uced when zinc 
carbo nate is heated st rongly. 
( i) Write a balanced chemical equation fo r the 

reaction taking place. 
( ii) Name the process which is taking place as 

the zinc carbonate is heated. 
(iii) Calculate the volume of carbon dioxide 

that would be produced (measured at room 
temperature and pressure (rtp )) if 12.5 g of 
zinc carbonate were heated strongly. 
(One mole of any gas occupies 24dm3 at rtp. 
A,, c ~ 12; o~ 16; Zn~ 65) 

Additional questions 

6 a Give th e names and formulae of the two maj o r 
g reenhouse gases. 

b Name a natural source of the gases you have 
named in part a. 

c Name a man-mad e source of th e gases you have 
named in part a. 

7 Use the words and fo rmulae below to complete th e 
following passage about limestone and its uses . 

CaO build ing CaC03 acids 
them1al C02 oxide acidity 
quarries quicklime calcium 

Limestone is a very common rock. The main 
chemical in limestone is carbonate 
(chemical formula, ___ ). Limestone is 
obtained from 1l1e uses oflimcstonc 
arc many and varied. Fo r example, because it is 
easy to cut into blocks it is uscfol as a __ _ 
material. Also it will react with and 
so it is used in the powder fo rm to reduce soil 
___ . \¥ hen limestone is heated very 
st rongly, it breaks down into ____ ( chemical 
name, calcium ___ ) and carbon dioxide 
(chemical formula, ___ ). This kind of 
reaction is known as ___ decompositio n. 

8 Lime (calcium oxide) is produced in very large 
quantities in a lime kiln. The equation for the 
reaction is: 

c , c O,(,) - C,O(,) + CO,(g) 

a H ow mu ch limestone would be needed to 
produce 61.60 tonnes oflimd 
(A" c ~ 12; o~ 16; c, ~ 40) 

b Why is the carbon dioxide swept out of the 
lime kiln ? 

c Give three uses oflime. 
d (i) What problems arc associated with th e 

large-scale quarrying of limestone? 
(ii) What steps have been taken to overcome 

or redu ce the problems you have outlined 
in (i)? 



@ Organic chemistry 1 

A lkanes 
Naming the alkanes 
Structural isomerism 

The chemica l behaviour of alkanes 
The ozone hole problem 
Methane - another greenhouse gas! 
Otherusesofalkanes 

A lkenes 
Naming the alkenes 
Where do we get alkenes from? 

A lo t of th e com pounds th at arc present in 
li ving thin gs have been found to be compounds 
containing carbon (Figure 14.1). These arc known 
as o rganic compo unds . All livin g things arc m ade 
fro m o rganic compo unds based o n chains o f ca rbo n 
atoms which an: no t o nly cova lently bonded to 
each o ther but also covalently bonded to hydrogen, 
oxygen and/or o th er elements. The organic 
compounds arc many and varied. Some scientists 
suggest that there are more than ten million known 
o rga ni c compounds. 

Figure 14.1 Living things contain organic compounds. 

You saw in C hapter 6 th at crud e o il is made up of 
a complex mixture of hydrocarbon compounds. 
This mi xture is a very im portant raw material in the 
organic chemical industry. O ur world wo uld be a 
very different place without these substances. Cm 
you imagine life without th e substances from o il 
and natural gas? There would be no o il-based fuels, 
such as petrol and diesel, and the chemical industry, 
particularly the plastics industry, would also suftCr 
since substances extracted fro m o il arc used as raw 
materials fo r many plastics. 

The chemica l behaviour of alkenes 
Addition reactions 

A special addition reaction of alkene molecules 
Other addition polymers 
Thermosoftening and thermosetting plastics 
Disposal of plastics 

Checklist 

Addit ional questions 

• Alkanes 
M ost of the hyd rocarbons in crud e oil belong to the 
family of compounds called alkanes . The molecules 
within the alkane family contain carbon atoms 
covalently bo nded to four other atoms by single 
bonds (Figure 14.2 ). Because these molecules possess 
only single bonds they are said to be saturated , as 
no further ato ms can be added . This can be seen in 
the bonding scheme fo r methane (Figure 14.3) . 1l1c 
physical properties o f the first six members of the 
alkane fa mily arc shown in Table 14.1. 

You will no tice from Figure 14.2 and Table 14.1 
that th e compounds have a similar structure and 
similar nanu: endings. They also behave chemically in 
a similar way. A family with th ese factors in common 
is called a homologo us series . 

All the mem hers o f a homologous series can also be 
represented by a general fo rmula. ln th e case of the 
alkanes the general fo rmula is: 

Cn H 2n +2 

where n is the number of carbon atoms present. 
As you go up a homologous seri es, in o rder o f 

increasing num ber of carbon atoms, the physical 
properties o f the compounds g radually change . 
For example, the melting and boiling points o f the 
alkanes shown in Table 14 .l gradually increase. This 
is due to an increase in the interm olecular forces 
(van der Waals' fo rces) as th e size and mass of the 
molecu le increases (Chapter 3 , p. 49 ). 

Under normal conditions molecules with up to 
four carbon atoms are gases, those with between fi ve 
and 16 carbon atoms are liquids, while th ose with 
more than 16 carbo n atoms are solids. 
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Figure 14.2 The fullydisplayed(orstructural)formulae and 
molecularmodelsofthefirstsixalkanes. 

Alkanes 

methane molecule (CH4) 

Figure 14.3 The covalent bonding scheme for methane. 

Table 14.1 Some alkanes and their physical properties. 

Alkane Formula Melting Boiling Physica l st ate at 
point / po int / room t emperature 
·c ·c 

Methane CH, -182 -162 Gas 

Ethane C2H6 -183 -89 Gas 

Propane C3He -188 --42 Gas 

Butane C4H10 -138 Gas 

Pentane CsHu -130 36 Liquid 

Hexane C6H14 -95 69 Liquid 

Questions 
1 Estimate the boiling points for the alkanes wi t h formulae: 

a C7H16 b C8H18 . 
2 Name the alkanes which have the following formulae: 

a C7H16 b C10H22 . 

Naming the alkanes 
All th e alkanes have names ending in -ane. The rest 
o f the nam e tells you the number o f carbo n ato ms 
present in the molecule . Fo r example, the compo und 
whose name begins with : 

• meth- has o ne carbo n ato m 
• et/J- has two carbo n ato ms 
• prop- has three carbon ato ms 
• but- has four carbon ato ms 
• pent- has fi ve carbon ato ms 

and so o n. 
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Structura l isomer ism 
Sometimes it is possible to write more than o ne 
struch1ral formula to represent a molecular formula. 
The structural fonnula of a compound shows how the 
ato ms an: jo ined together by the covalent bonds. For 
example, there a.re two different compounds with the 
molecular fo rmula C4 H 10. The structural fo rmulae 
o f these two su bstanccs alo ng with their names and 
physical properties arc shown in Figure 14.4. 

a butane 

I I I I melting point 
H- C- C- C- C- H -138"( 

I I I I boiling point 
HHHH O"C 

H H H 

I I I H-,-C
1

-,-H 
H H 

H- C- H 

I 
H 

melting point 
- 159"( 

boiling point 
-1 2°( 

b 2-methylpropane 

Figure 14.4 TheisomersofC4H10. 

Compo und s such as those in Figure 14.4 arc 
known as isomers. Isomers arc substances which 
have the sam e mo lecular fo rmula but different 
stru ctural fo rmulae. The different stru ctures o f the 
compo unds shown in Fig ure 14.4 have different 
meltin g and bo iling po ints. Mok culc b contains a 
branched chain and has a lower melting point than 
mo lecule a , which has no branched chain. All the 
alkanc m o lecules with four o r m o re carbon ato ms 
possess isomers. Perhaps now you can sec why th ere 
arc so many different o rganic com pounds! 

Question 
1 Draw the structural formulae for the isomers of C5H12. 

• The chemical behaviour 
of alkanes 

Alkancs arc rather unrcactivc com pounds. Fo r 
example, they arc generally no t affected by alkalis, 
acids o r many oth er su bstan ces . Their most important 
property is that th ey burn easily. 

Gaseous alkancs, such as m ethane, will burn in a 
good supply o f air, fo rming carbo n dioxide and water 
as wdl as plenty o f heat energy. 

m ethane + oxygen __., carbon + water + energy 
di oxide 

CH 4(g) + 202(g) - C0 2(g) + 2H 20 (g) 

The gaseous alkancs arc som e o f the m ost useful 
fuels. 1\kthanc, better kn own as natural gas, is used 
fo r cooking as wd l as fo r heating o ffi ces, schools and 
hom es (Figure 14.Sa ). Propane and butane burn 
with very ho t fl am es and they arc sold as li q uefied 
petro leum gas (LPG ). In rural areas where there 
is no supply o f natural gas, central heating systems 
can be run o n p ropane gas ( Fig ure 14.Sb). Butane, 
som etimes mixed with propan e, is used in po rtable 
blowlamps and in gas li ghters. 

a Thisisburningmethane. 

b Central heating systems can be run on propane. 

Figure 14.5 

Ano ther useful reactio n worth no ting is that 
between th e alkancs and the halogens. Fo r example, 
m ethan e and chlo rine react in the presence o f 
sunlight (o r ultravio let light). The ultravio let light 
splits the chlo rine m o lecules into atoms. When this 
type o f reacti o n takes place, these ato ms arc call ed 
free rad icals and th ey arc very reactive. 

chlo rine gas sunlight chl o rine ato ms 

Cl2(g) 
( free radicals) 

2Cl(g) 



The chlo rine ato ms then react furth er with m eth ane 
mo k cuks, and a hydrogen chl o ride mo lecule is 
prod uced alo ng with a m ethyl frcc radi cal. 

chlorine + m ethane ----+ methyl + hyd rogen 
ato m radical chl oridc 
Cl(g) + CH4(g) - CH3(g) + H Cl(g) 

The mcthyl free radical reacts forthcr. 

m ethyl + chlorine ----+ chlorom ethane + chl o rinc 
radical gas atom 
CH3(g) + Cl2(g) - CH3Cl(g) + Cl(g) 

This chlo rine free radical , in turn , reacts furthcr and 
thc proccss continues until all the chl o rine and the 
methan e have been used up. This typc o f process is 
known as a chain reaction and it is very fast. The 
overall chemical equatio n for this p rocess is: 

methan e + chlo rinc ----+ chlo rom ethan c + hydrogcn 
chlo ride 

CH4(g) + Cl2(g) - CH 3Cl(g) + H Cl(g) 

We can sce that one hyd rogen atom o f the m ethane 
m o lecule is substituted by a chlorine atom. This type 
ofreaction is known as a substin1tion reaction. 

Because we cannot contro l the chlorine free radicals 
produced in this reactio n , we also o btain small 
am ounts o f other ' substihited ' products - C H 2Cl2 

(dichloromethanc), C H C13 (trichlorom ethanc or 
chloroform) and CC14 ( tctrachlorom cthanc) - by 
furthcr rcactions such as those shown bdow. 

chloromethane + chlorine ----+ chloromethyl + hydrogen 
radical chloride 

+ Cl(g) - CH, Cl(g) + H Cl(g) 

chloromethyl + chlorine ----+dichloromethane + chlorine 
radical gas 

CH2Cl(g) + Cli(g) ----+ CH2Cl2(g) + Cl(g) 

Many of these so -called halogenoalkanes arc used 
as solvents. Fo r example, dichlorom ethane is used as 
a solvent in paint stripper (Figurc 14.6) . . '_ ~· ,, ~ 

Cl 

I 
H- C- CI 

I 
H 

Figure 14.6 Dic:hloromethane is used as a solvent in paint stripper. 

The chemical behaviour of alkanes 

Early an aesth etics relied upon trichlorom cthanc, 
C H C13 , o r chloroform. Unfortunatdy, this 
anaesthetic had a severe p roblem since the leth al 
dose was only slig htly hi gher tlun that required 
to anaesth etise the patient. In 1956, halo tl1an c 
was discovered by chemists working at !C l. This 
is a compo und containin g chlo rine, b romine and 
flu orine. Its fo rmula is C F3C HBrCI. H owever, even 
this is no t the perfect anacstl1etic since e,,idc ncc 
suggests tlut p rolo nged exposure to this substance 
may cause liver dam age. The search continu es fo r 
even better anacstl1ctics. 

A group o f com pounds were discovered in the 
19 30s and were called the chloroflu orocarbons 
(CFCs). Because o f their inertness they found 
many uses, especially as a propellant in aerosol cans. 
CFC -12 or dichlorodifluorom eth ane, C F2 Cl2 , was 
o ne o f th e m ost po pular C FCs in use in aerosols. 
Scientists believe that C FCs released fro m aerosols 
arc dest royin g the ozone layer and steps arc being 
taken to redu ce this tlueat. 

The ozone ho le prob lem 
Our atmosphere protects us from harmful ultravio let 
radiati o n from the Sun. This damag ing radiatio n is 
absorbed by the rdatively thin ozone layer found in 
the stratosphere (Fig ure 14.7) . 

Large ho les have recently been di scovered in 
the ozone layer over Antarctica, Au stralasia and 
Europe (Figure 11.5, p. 17 3). Scientists think tlut 
these ho les have been prod uced by C FCs such as 
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Figure 14.7 The ozone layer is between 25km and 50 km above 
sea level. 
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CFC -12. CFCs escape into the atmosphere and , 
becaL1 sc o f their inertness, remain witho ut further 
reactio n until they reach the stratosphere and the 
ozone layer. In th e stratosphere the hi gh-energy 
ultravio let radiatio n causes a chlorine ato m to split 
off from the CFC molecule . This chlorine atom , or 
free radical, then reacts with the o zo ne . 

Cl(g) + O,(s) - OCl(g) + O,(s) 

This is not the only problem with CFCs. They arc 
also sig nificant 'greenho use gases' (Chapter 13, 
p. 212). The ozone depiction and g reenho use 
effects have become such serio us problem s that an 
international ag reem ent known as the Montreal 
Protocol on Substances that Deplete the Ozone Layer 
was agreed in 1987. 

Research is now going ahead , with som e success, 
to produce safer alternatives to C FCs. At present, 
better alternatives called hyd rochloroflu orocarbons 
(H C FCs) have been develo ped - th ese have lower 
ozone-depictio n effects and arc no t effective 
greenho use gases. It is beli eved that if the intended 
agreements arc adhered to then the ozone layer will 
recover by 2050. 

Methane - another greenhouse gas! 
Methane, th e first m em ber o f th e alkancs, occurs 
naturally. Cows produce it in huge qmntiti cs when 
digesting their food. It is also fo rmed by growing 
ri ce. Like carbon diox ide, it is a greenho use gas 
(Chapter 13, p. 2 12) because it acts like the g lass in a 
greenh o use - it will let in heat fro m th e Sun but will 
not let all o f the heat back out again. It is th o ught 
that the g reenhouse effect m ay contribute to climate 
change, which could have disast rous effects fo r li fe o n 
this planet . 

Question 
1 Use your research skills to find out: 

a any other sources of methane found in nature 
b how climate change might affect your particular 

environment. 

Methane -the 21st century chemical 
Methane is finding ano ther use, which sets it apart 
fro m the rest o f th e alkancs, in the prod uctio n 
o fnano tu bcs fo r power generatio n and futuri stic 
circuitry. A common way to grow nano tubcs is fro m 
a mixture o f methane gas and iron nano particlcs. 
When heated to around 700- 800°C in a vacu um 

the iro n acts as a catalyst firstly removing carbo n 
fro m the methane. When the surface of the iron 
becom es saturated , nanotu bes begin to be fo rmed . 
lf H e or Ar is added to th e vacu um cham ber th en 
' m etallic' (electrical condu cting) nano tubcs arc mad e 
in the majority; this accounts fo r up to 91 % of th e 
nano tubcs produced (Fig ure 14 .8) . 

Figure 14.8 Thesenanotubesarebeing used in electrical circuitry. 

Other uses of alkanes 
Besides tl1eir major use as fuels (p . 90), some o f 
the heavier alkancs arc used as waxes in candles, as 
lubricating o ils and in the manu fac ture o f ano ther 
family o f hyd rocarbo ns - the alkcncs. 

Questions 
1 Write a balanced chemical equation to represent the 

combustion of propane. 
2 In what mole proportions should chlorine and methane be 

mixed to produce: 
a mainly chloromethane? 
b mainly tetrachloromethane? 

3 Describe a method you would use to separate 
chloromethane from the other possible reaction products 
when methane reacts with chlorine. 

4 Explain why it is the C-CI bond and not the C-F bond in 
CFCs that is disrupted in the stratosphere. 

• Alkenes 
Alkcncs fo rm ano ther ho m o logous seri es o f 
hyd rocarbo ns o f the general fo rmula Cn Hln where 
n is the number o f carbo n atoms. The alkcnes arc 
m o re reactive than the alkancs because they each 
contain a do uble covalent bo nd between the carbo n 
atoms (Figure 14.9). M o lecules that possess a do uble 
covalent bo nd o f this kind arc said to be 



Figure 14.9 Thebondinginethene, thesimplestalkene. 

unsaturated, because it is possible to break one of 
the two bonds to add extra atom s to the molecule. 

The chemi cal test to show the difference between 
saturated and unsaturated hydrocarbons is discussed 
on p. 225 . 

Naming the alkenes 

All alkcncs have names ending in -ene. Alkcncs, 
especially cthcnc, arc very important industrial 
chemicals. 1l1cy arc used extensively in the plastics 
industry and in the production of alcohols such as 
ethanol and propanol. Sec Table 14.2 and Figure 14.10. 

Table 14.2 Thefirstthreealkenesandtheirphysicalproperties. 

Alkene Formula Melting 
point!°C 

Ethene C2H4 -169 

Propene C1H6 -185 

Butene C4Hs -184 

ethene 

propene 

1 1 / 
H-C-C= C 

I \ H 
H 

butene 

Boiling Physical state at 
pointr c room t emperature 

-104 Gas 

-47 Gas 

-6 Gas 

-• Ill 
Figure 14.10 Structure and shape of the first threealkenes. 

Alkenes 

Where do we get alkenes from? 
Very few alkcncs arc found in nature. Most o f the 
alkcncs used by th e petrochemical industry arc 
obtained by breaking up larger, less useful al kanc 
molecules obtained from the fractional d istillation 
of crude o il. This is usually done by a process 
call ed catalytic cracking . In this process the alkanc 
molecules to be 'crac ked ' (split up ) arc passed over a 
mixture of aluminium and chromium oxides heated 
to about 500 °C. 

dodccanc _______. dccanc + cthcnc 

C12 H26(B) _______. C10H22(s ) + C2 H4(g) 
(!oundinkerosene) 

Ano ther possibility is: 

There is a further cracking process which is more 
versatile, called thermal cracking. Thermal cracking 
is carried out at a higher temperature than catalytic 
cracking, 800- 850 °C. This process is more expe nsive 
owing to the higher tem perature used. H owever, 
larger alkanc molecules can be mo re successfully 
cracked using this process than by the catalytic 
method . 

No te that in these reactions hydrogen may also be 
fo rmed during cracking. The amount of hydrogen 
produced depends on the conditions used. Since 
smaller hyd rocarbons arc generally in greater demand 
than th e larger ones, crackin g is used to match 
demand (Table 14.3). 

Table 14.3 Percentages of the fractions in crude oi l and the demand for 
them. 

Fraction Approx. % in crude o il Approx. % demand 

Refinery gas 

Gasol ine 21 28 

Kerosene 13 

Diesel oil 17 25 

Fuel oil and bitumen 47 34 

This means th at o il companies arc no t left with large 
surpluses of fractions containing the larger molecules . 

Figure 14.11 shows the simple apparatu s that 
can be used to carry out cracking reactions in th e 
laborato ry. You will no tice that in th e laboratory we 
may use a catalyst o f broken , un glazed pottery. 
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paraffin 
soaked into 
absorbent wool 

broken porcelain 
or aluminium 
oxide granules 

cold wate r bath crysta llising dish 

Figure 14.11 Thecrackingofanalkaneinthelaboratory. 

Questions 
1 Using the information in Table 14.2 (p. 223), make an 

estimate of the boiling point of pentene. 
2 Write a balanced chemical equation to represent the 

process that takes place when decane is cracked. 

• The chemical behaviour 
of alkenes 

The do uble bond m akes alkcncs mo re reactive 
than alkancs in chemical reacti o ns. Fo r example, 
hydrogen adds across the d ouble bond of cthcnc, 
under suitable conditio ns, fo rming ethane 
(Figure 14.12 ). 

Figure 14.12 Theadditionofhydrogentoetheneu~ng molecular 
models. 

Addition reactions 
Hydrogenation 
This reactio n is called hydrogenation. The 
conditio ns necessary for this reactio n to take place 
arc a temperature o f 200 °C in the presence o f a 
nickel or platinum catalyst . 

cthcnc + hyd rogen _______. ethane 
c,H. (g) + H, (g) ~ c,H,(g) 

H yd rogenatio n reactio ns like the one shown with 
cthcne arc used in the manufacture o f m argarin es 
from vegetable o ils. Vegetable o ils contain fatty 
acids, such as lino lcic acid (C 18H 320 2 ) . These arc 
unsaturated m o lecules, containing several do uble 
bo nds. These do uble bo nds m ake the m o lecule 
less fl c.x iblc. H yd rogenati on can co nvert these 
m o lecules into m o re saturated o nes. Now the 
m o lecules arc less rig id and can fl ex and twist m o re 
easily, and hence pack m o re closely together. This 
in turn cau ses an increase in the interm olecular 
fo rces and so raises the melting po int. The now 
so lid margarines can be spread on bread m o re easily 
than liquid o ils. 

There is an o ther side to this p rocess. Many 
docto rs no w believe that unsa turated fats arc 
healthie r th an saturated o nes . Becau se o f thi s, 
m any margarin es arc le ft partially unsaturated. 
They d o no t have all th e C= C take n out o f th e fat 
m o lecules. H owever, the matter is far fro m settled 
and th e debate continues . 

Hydration 
An o th er impor tant addition reaction is the o ne 
u sed in th e manufacture o f ethan o l. Ethano l has 
impo rtant uses as a solvent and a fuel (p . 94 ). It is 
fo rmed when wa ter (as stea m ) is add ed across th e 
d o u ble bo nd in e th ene . For this reacti o n to take 
place, th e reactants have to be passe d over 
a ca talyst o fph ospho ric(v ) acid (absorbed o n 
sili ca pellets) at a tempe rature o f 300 °C and 
pressure o f 6 0 atmos phe res ( 1 atmosphere = 
l x 105 pasca ls) . 
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'c---6 
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H H 
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H-C- C-H 
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This reaction is reversible as is shown by the 
equilibrium (~ ) sign. The conditions have been 
chosen to ensure th e highest possible yield of 
ethan o l. In o ther word s, the conditions have been 
chosen so that they favour the forward reactio n. 

Fo r a further discussio n of ethanol and alcohols 
generally sec p. 233. 

Ha loge natio n - a test for un saturat ed 
co mpo unds 
The addition reaction between bromin e dissolved 
in an o rganic solvent, o r water, and alkcncs is used 
as a chemical test for the presence of a doubl e bond 
between two carbon atoms. When a few d rops of this 
bromine solution arc shaken with th e hydrocarbon, 
ifit is an alkcnc, such as cthcnc, a reaction takes 
place in which bromine jo ins to the alkcne double 
bond. This results in the bromin e solution losing 
its red/ brown colour. If an alkanc, such as hexane, 
is shake n with a bromin e solution of this type, no 
colour change takes place (Figure 14 .13). Thi s is 
because there arc no double bonds between the 
carbon atoms of alkancs. 

ethene + bromine 

H H 
'\ / 
C=C + Br- Br 

/ '\ 
H H 

Questions 

dibromoethane 

~ ¥ 
H- C- C- H 

I I 
Br Br 

1 What is meant by the term 'addition react ion'? 
2 Write a word and balanced chemical equat ion for the 

reaction between ethene and hydrogen chloride. 
3 Write the structural formula for pentene. 

The chemical behaviour of alkenes 

4 Which of the following organic chemicals are 
alkanesora lkenes? 
Propene, C3H6 
Butanol, C4HgOH 
Octane, C8H18 
Nonane, C9H20 
Methanoic acid, HCOOH 
Butene, C4H8 
State why you have chosen your answers. 

Figure 14.1 3 The alkene decolourises bromine in 1, 1, I-trichloroethane. 
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• A special addition 
reaction of alkene 
molecules 

Po lyth en e is a plastic that was discovered by accid ent. 
Thro ll g h the careful examinati o n of this substance, 
wh en it was accid entall y discovered , the plastics 
industry was b o rn. Po lythene is now prod LJccd in 
millions o f to nnes world wide every year. It is mad e by 
heating cth cn c to a relatively hig h temperature und er 
a high pressure in th e presen ce o f a catalyst. 

wh ere n is a very large numbt:r. In po ly(cthcn c) th e 
cthcn c m olecules have jo ined togeth er to fo rm a very 
long hydrocarbon chain (Figure 14.14). The cthcnc 
m o lecu les arc abk to fo rm ch ains like this because 
they possess carbo n-carbo n d o uble b onds. 

Figure 14.14 This model shows part of the poly{ethene) polymer chain. 

Poly( cthcnc) is produced in three main fo rm s: 

• low density poly(cth cnc) (LDPE) 
• linear low density poly(ethcnc) (LLD PE) 
• high density poly(cth cnc) (HDPE). 

The world production of all types of poly(cthcnc) is 
in excess of 52 million tonnes per year. 

Poly(cthcnc) has many useful properties: 

• it is easily moulded 
• it is an excellent electrical insulator 
• it docs not corrode 
• itis tough 
• it is not affected by tht: wt:atht:r 
• it is durable . 

It can be found as a substitute fo r natural materials 
in plasti c bags, sandwich boxes, washing-up bowls, 
wrapping film, milk-bottle crates and washing -up 
li quid bottles (Figure 14.15). 

Figure 14.15 Thesecratesaremadefrompoly(ether.e). 

O ther alkt:n t: molecules can also produce substances 
like poly(cthene); fo r namplc, propcnt: prod uces 
poly(propcnt: ), which is used to make ropes and 
packaging. 

When small molecules li ke cthcnt: jo in together 
to form long chains of atoms, called polymers, the 
process is called polymerisation. The small molecules, 
like ctl1cnt:, which join togctl1 t:r in this way arc calkd 
monomers . A polymer chain , a very large molecule or 
a macrom olecule, often consists of many tl1ousands 
of monomer units and in any piece of plastic there 
will be many millions of polymer chains. Since in 
this polymerisati on process th e monomer uni ts add 
together to fo rm only one product, th e polymer, tl1c 
process is called additio n po lymerisation. 

Other addition polymers 
Many other addition polymers have been produced . 
Often the plastics art: produced with particular 
properti es in mind , for exampk PVC (polyvinyl 
chloride or poly(chlorocthcnc)) and PTFE 
(poly( tctraflu oroc thcnc) ). Both of th ese plastics 
ha,'c monomer units similar to t: tl1cnc. 

H H 
' / c~c 
/ ' H Cl 

PVC monomer 
(vinyl chloride or 

chloroethene) 

F F ' / c~c 
/ ' F F 

PTFE monomer 
(tetrafl uoroethene) 

If wt: use chlorocthent: (Figure 14. 16a), the 
polymer we make is slightly stronger and harder 
than poly(etl1enc) and is particularly good fo r 
making pipes fo r plumbing (Figure 14.17). 



(} -( ) 
H Cl 

(-~-~-) 
H Cl n 

polymer chain 

Figure 14.1 7 These pipes are made from PVC. 

PVC is the most versatile plastic and is the second 
most widely used , after po ly(cthcnc) . Worldwid t: 
more than 27 million tonnes arc prod LJ ccd annually. 

A special addition reaction of alkene molecules 

If wc start from tctrafluorocthcnc (Figure 14. 18a) 
the polymer we make, PTFE, has some slightly 
unusual properties : 

• it will withstand very high temperatures, o f up to 
260 °C 

• it forms a very slippery surface 
• it is hydrophobic (water repellen t ) 
• it is highly resistant to chemi cal attack. 

These properties make PTFE an ideal ' non-stick' 
coating for frying pans and sau cepans. Evt:ry year 
more than 50 OOO tonnes of PTFE arc made. 

"(>-<) (-H-) 
F F n 

polymer chain 

The properties o f some addition po lymers along with 
their uses arc g iven in Table 14.4. 
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Table 14.4 Some addit ion polymers. 

Plastic Monomer Properties Uses 

Poly{ethene) CH2=CH1 Tough, Carrier 
durable bags, bov.ls 

buckets, 
packaging 

Poly{propene) CH3CH=CH2 Tough, Ropes, 
durable packaging 

PVC CH2=CHCI Strong, Pipes, 
hard(less electrical 
flexible than insulation, 
poly{ethene)) guttering 

PTFE CF2=CF1 Non-stick Non-stick 
surface, frying pans, 
v.it hstands soles of irons 
high 
temperatures 

Polystyrene CH2=CHC6Hs Light,poor Insulat ion, 
conductor of packaging 
heat {especially as 

foam) 

"'""'' CH2=C(C02CH¥.H1 Transparent Used as 
a glass 
substitute 

Thermosoftening and thermosetting 
plastics 
Plastics can be put into o ne o f two categories . If 
they melt or soften when heated (like poly( cthcnc ), 
PVC and polystyrene) then they arc call ed 
thennopfostics or them10softening plastics. If 
they do no t soften o n heating but o nly char and 
decompose o n further heating, they are known as 
themiosetting plastics. 

Thermoplastics are easily m o ulded or fanned 
into useful articles. Once they are m o lten they 
can be injected o r blown into m o ulds, and a 
variety of different-shaped items can be produced 
(Fig ure 14.19). Therm osetting plastics can 
be heated and m o ulded o nly once, usually by 
compressio n m o ulding (Figure 14.20). 

Figure 14.19 These objects are made from thermosoftening plastics. 

Figure 14.20 These objects are made from compression-moulded 
thermosett ing plastics. 

Figure 14.21 shows the different mo lecular 
structures for therm osetting and thermosoftening 
plastics. 1l1ermosetting plastics have po lym er chains 
which are linked or bonded to each other to g ive 
a cross -linked structure, and so the chain s are 
held firmly in place and no softening takes place 
o n heating. Therm osoftening plastics do not have 
po lym er chains jo ined in this way, so when th ey arc 
subjected to heat their po lym er chains flow over o ne 
another and the plastic softens. 

a In thermosetting plast ic the 
chains are cross-l inked. 

Figure14.21 

b lnthermosofteningplasticthere 
is no cross-linking. 



Disposal of plastics 
In the last 30 to 40 years plastics have taken over as 
replacement materials for metals, glass, paper and wood 
as well as fo r natural fibres such as cotton and wool. 
This is not surprising since plastics are ligl1t, cheap, 
rdativd y unrcactive, can be easily moulded and can be 
dyed bright colours. H owever, plastics have contributed 
significantly to tl1c househo ld waste problem, up to I 0% 
in some countries, and it 's getting worse (Figure 14 .22)! 

In the recent past, mu ch of our pl astic waste has 
been used to landfill disused quarries. H owever, all 
over the world these sites are getting harder to find 
and it is becomin g m ore and mo re expensive. The 
alternatives to dumping plastic waste arc certainly 
more economical and more satisfacto ry. 

• Incineration schemes have been developed to use tl1e 
heat generated fo r heating purposes (Figure 14.23). 
H owever, problems witl1 the combustion process 
(which can result in the production of toxic gases) 
mean that especially high temperatures have to be 
employed during the incineration process . 

• Recycling - large qmntitics o f black plastic bags 
and sheeting arc produ ced for resale . 

• Biodegradable plastics, as well as those po lymers 
tlut degrade in sunlight (photodegradable, 
Figure 14 .24a), have been developed . O ther 
common categories of degradable plastics include 
synthetic biodegradabl e plastics which arc broken 
down by bacteria, as well as plastics which dissolve 
in water (Figure 14.24b). The property that 
allows plastic to di ssolve in water has been used in 
relatively new produ cts, including soluble capsules 
containing liquid detergent. H owever, tl1c vast 
majority of po lymers arc still no n-biodegradable. 

A special addition reaction of alkene molecules 

a This plastic bag is photodegradable. 

b Thisplasticdissolves inwater. 
Figure14.24 



14 ORGANIC CHEMISTRY 1 

Questions 
1 Write the general equation to represent the formation of 

polystyrene from its monomer. 
2 Give two advantages and two disadvantages of plastic 

waste (rubbish). 
3 Draw the structure of the repeating unit of the addition 

polymer formed from CH3----CH=CH2. 
4 Draw the structure of the monomer from which the 

addition polymer below has been produced. 

Checklist 

4 Hs H C.Hs H C.Hs H 
I I I I I I 

-c-c-c-c-c-c-
1 I I I I I 
HHHHHH 

After studying Chapter 14 you should know and understand 
the following terms. 

• Addition polymer A polymer formed by an addition 
reaction. For example, poly(ethene) is formed from ethene. 

• Addition reaction A reaction in which an atom or group 
of atoms is added across a carbon-carbon double bond. 

• Alkanes A family of saturated hydrocarbons with the 
general formula CnH2,,,_1. The term 'saturated', in this 
context, is used to describe molecules that have only single 
bonds. The alkanes can only undergo substitution reactions 
in which there is replacement of one atom in the molecule 
by another atom. 

• Alkenes A family of unsaturated hydrocarbons with 
the general formula CnHln- The term 'unsaturated', in 
this context, is used to describe molecules which contain 
one or more carbon-carbon double bonds. Unsaturated 
compounds undergo addition reactions across the carbon­
carbon double bonds and so produce saturated compounds. 
The addition of hydrogen across the carbon-carbon double 
bonds is used to reduce the amount of unsaturation during 
the production of margarines. 

• Biodegradable plastics Plastics designed to degrade 
(decompose) under the influence of bacteria. 

• Catalytic cracking The decomposition of higher alkanes 
into alkenes and alkanes of lower relative molecular mass. 
The process involves passing the larger alkane molecules 
over a catalyst of aluminium and chromium oxides, heated 
to S00°C. 

• CFC Abbreviation for chlorofluorocarbon, a type of 
organic compound in which some or all of the hydrogen 
atoms of an alkane have been replaced by fluorine and 
chlorine atoms. These substances are generally unreactive 
but they can diffuse into the stratosphere where they 
break down under the influence of ultraviolet light. The 
products of this photochemical process then react with 
ozone (in the ozone layer). Because of this, their use 
has been discouraged. They are now being replaced by 
hydrochlorofluorocarbons (HCFCs). 

• Chain reaction A reaction which is self-sustaining owing 
to the products of one step of the reaction assisting in 
promoting further reaction. 
Cross-linking The formation of side covalent bonds 
linking different polymer chains and therefore increasing the 
rigidity of, say, a plastic. Thermosetting plastics are usually 
heavily cross-linked. 
Free radicals Atoms or groups of atoms with unpaired 
electrons and which are therefore highly reactive. They can 
be produced by high-energy radiation such as ultraviolet 
light in photochemical reactions. 
Halogenoalkanes Organic compounds in which one or 
more hydrogen atoms of an alkane have been substituted 
by halogen atoms such as chlorine. 
Homologous series A series of compounds in which 
each member differs from the next by a specific number 
and kind of atom. These compounds have the same general 
formula and similar properties. 

• Isomers Compounds which have the same molecular 
formula but different structural arrangements of the atoms. 

• Monomer A simple molecule, such as ethene, which can 
be polymerised. 

• Organic chemistry The branch of chemistry concerned 
with compounds of carbon found in living organisms. 

• Photodegradable plastics Plastics designed to degrade 
under the influence of sunlight. 

• Polymer A substance possessing very large molecules 
consist ing of repeated units or monomers. Polymers 
therefore have a very large relative molecular mass. 

• Polymerisation The chemical reaction in which molecules 
(monomers) join together to form a polymer. 
Saturated hydrocarbon A type of hydrocarbon molecule 
in which the molecule has the maximum possible number of 
hydrogen atoms and so has no double bonds. 
Substitution reaction A reaction in which an atom or 
group of atoms is replaced by another atom or group of 
atoms. 

• Test for unsaturation A few drops of bromine dissolved 
in an organic solvent are shaken with the hydrocarbon. If it 
is decolourised, the hydrocarbon is unsaturated. 

• Thermal cracking The decomposition of higher alkanes 
to alkenes of lower relative molecular mass at high 
temperatures, 80D-8S0°C. 

• Thermoplastics Plastics which soften when heated (for 
example poly(ethene), PVC). 

• Thermosetting plastics Plastics which do not soften on 
heating but only char and decompose (for example, Bakelite 
and melamine). 

• Unsaturated hydrocarbon A hydrocarbon molecule 
which contains double or triple covalent bonds between 
carbon atoms. 
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• Additional questions 
1 Explain the following. 

a Ethcnc is called an unsaturated hydrocarbon. 
b The cracking ofb.rgcr alkancs into simple alkancs 

and alkcncs is important to the petrochemical 
industry. 

c The conversion of cthcnc to ethanol is an 
example of an addition reaction. 

2 The following question is about some of the 
reactions of cthcnc. 

gas B 

"' hyd,ogeo aod 
~catalyst A 

burn in 
ETHENE ----- gas C + wate r 

b7 J~~:;o 
liquid F 

liquid E 

a Give the names and formulae for substances 
A to F. 

b ( i) Write a word and balanced chemical 
equation to represent the reaction in which 
liquid Eis formed. 

( ii ) What reaction conditions arc required for 
the process to take place? 

( iii )Hydrogcn is used in the production of 
margarine to remove unsaturation. Explain 
what you understand by this statement. 

c Name the homologous series that gas B belongs 
to. 

d Describe a chemical test which would allow you 
to identify gas C. 

3 a Crude oil is a mixture of hydrocarbons which 
belong to the homologous series called the alkanes. 
T his mixture can be separated into fractions by 
the process of fractional distillation. Some of the 
fractions obtained arc used as fuels. Some of the 
other fractions arc subjected to catalytic cracking 
in order to make alkenes. 
Explain the meaning of the terms in italics. 

b Alkancs can be converted into substances wh ich 
arc used as solvents. To do this the alkanc is 
reacted with a halogen, such as chlorine, in the 
presence of ultraviolet light. 
( i) Write a word and balanced chemical 

equation for the reaction between methane 
and chlorine. 

( ii ) Name the type of reaction taking place. 
( iii ) H ighly reactive chlorine atoms arc produced 

in the presence of ultraviolet light. When 
atoms arc produced in this way, what arc 
they called? 

(iv) Write a balanced chemical equation for the 
reaction which takes place between CHF3 
and Cl2 to produce a ch lorofluorocarbon 
(CFC). 

(v) Why arc CFCs such a problem? 

4 a Ethcnc, C 2H 4, is the starting material for making 
plastic carrier bags. 

" (H>=~() -------, (-H-) 
H H H H n 

( i) Name the type of chemical change taking 
place in the diagram above. 

( ii ) Name the product formed by this reaction. 
( iii )The alkcne, ethcne, is made by cracking 

large alkane molecules. Describe a simple 
chemical test to show that cthcnc is present. 

b The majority of carrier bags arc difficult to 
dispose of. 
(i) Explain why carrier bags shou ld not just be 

thrown away. 
( ii ) Explain why the majority of plastic carrier 

bags arc recycled. 
( iii )Givc one advantage that a plastic carrier bag 

has over one made out of paper. 
c A label like the one below is found on some 

plastic carrier bags. 

This plastic carrier bag is made from a substance 
that is made from the chemical elements carbon 
and hydrogen only. When the carrier bag is 
burned it produces carbon dioxide and water. 
These substances arc natural and will not harm the 
environment. 
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(i) What is the m eaning o f the term element? 
(ii) What is the nam e given to the type o f 

compound that contains the elem ents 
carbo n and hydrogen only? 

( iii) Whcn the plastic bag burns, heat energy is 
g iven out. What nam e is used to describe 
reactio ns that g ive o ut heat energy? 

(iv) The plastic bag will probably give off a toxic 
gas when it is burned . Why is this the case? 

5 Alkancs and alkcncs arc hyd rocarbo ns. They arc 
composed o f m o lecules which contain covalent 
bonds. For each o f the molecules below, use a do t 
;md cross diagram to show the bo nding it contains. 
a Meth ane, CH 4 . 

b Propcnc, C3 H 6 . 

c Propane, C 3H 8 . 

d Ethcnc, C2 H 4 . 

6 Crude o il is an impo rtant source o f o rganic 
chemical fuels. It is refined by fractional distillation. 
Use the in fo rmatio n in the tab le below to answer 
th e questio ns which fo llow. 

Fraction Boiling pointr c 

A 40 

80 

200 

350 

above350 

a Fo r each o f the qu estio ns that fo ll ow, g ive the 
letter o f the fraction which is most appropriate as 

an answer. Yo u should also g ive a reason for your 
answer in each case . 
(i) Which fractio n would contain the most 

volatile substances? 
( ii ) Which o f the fractio ns would collect at the 

bottom o f the fractio nating column? 
(iii) Which fractio n could be used as a fuel fo r 

cars? 
(iv) Which fractio n wo uld contain the largest 

m olecules? 
b Som e o f the fractio ns rn1dergo a further process 

called cracking to produ ce fur ther substances . 
( i ) Explain what you understand by the term 

'cracking' . What conditio ns arc employed 
when cracking occurs1 

( ii ) Write a word and balanced chemical 
equatio n to show how octane can be 
p roduced by th e crackin g of C 15H 32 . 

7 a A hyd rocarbo n contains 92 .3% by mass o f 
carbo n. Work o ut the empirical fo rmula o f this 
hydrocarbon. 

b The relative m o lecu lar mass o f this hyd rocarbon 
was found by m ass spectrometry to be 78 . Work 
out its m o lecu lar fo rmula . (A,: H = 1, C = 12 ) 

8 :i Which o f the fo llowing fo rmulae represent 
alkanes, which represent alkcnes and which 
represent neithcr1 

CH3, C6H 12, CsH1 2, C6H6, c; H20, C12H 24, 
C20H 42, C2H 4, CsH1s, C3 H7 

b Draw all the possible isom ers which have the 
mo lecular fo rmula C6 H 14. 
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Alcohols {R---OH) 
Combustion 
Oxidation 
Cholesterol - a complex molecule that contains the -OH group 

Biotechnology 
Baking - an important use of biotechnology 
New applications of biotechnology 

Carboxylic acids 
Othercarboxylicacids 

Soaps and detergents 
Soapless detergents 
Manufacture of soapless detergents 

In C hapter 14 we discussed the organi c compounds 
that arc obtained from o il, the alkancs, and how they 
arc converted into an o ther h om ologous seri es o f 
hyd rocarbons called the alkcncs . If you replace one 
of the hydrogen atoms on an alkanc molecule with 
a group such as - O H , the hyd roxyl group, then you 
get a new homologous seri es called the alcohols. If 
you replace one of the hyd rogen atoms on an alkane 
molecule with a - COO H group (Figure 15 .1 ) then 
you get a homologous series called the carboxylic 
acids or alkanoic acids . Whi chever group you have 
attached , it will bring with it a new set o f physical 
and chemical properties. These groups arc kn own 
as functional gro ups . The functional group is th e 
group of atoms responsible fo r the characteristic 
reactions of th e organic compound . 

Table 15 . l shows some examples of functional 
groups. ln the tab le, R represents an alkyl group or 
a hydrogen atom . An alkyl group has the general 
fo rmula based on the alkanes, i.e . C.,H 2.,+ I · When 
n = 1, R= C H 3; when 11 = 2, R= C2H 5 , and so on . 

Figure 15.1 ThisfruitjuicecontainsplentyofvitaminCorascorbicacid. 
which contains the functional group ....COOH. 

Condensation polymers 

Some biopolymers 
Starch 
Amino acids 
DNA 

Pharmaceuticals 
Drug abuse 

Checklist 

Additional questions 

Table 15.1 The functional groups present in some homologous series of 
organic compounds. 

Class of compound 

Alcohols 

Carboxytic acids 

Esters 

Halogenoalkanes 

Functional group 

R----OH 

R---COOH 

R---COOR 

R- X 
{where X is a halogen atom such as 
Cl, Br. etc.) 

e Alcohols (R-OH) 
The alcohols (alkanols) form ano ther homologous 
seri es with the general fo rmula C.,H 2 .,+10H (or R­
O H , where R represents an alkyl group ). All the 
alcoho ls possess an - O H as th e functional group. 
Table 15.2 shows th e names and condensed fo rmulae 
of the first four members along with their melting 
and boiling points. 

Table 15.2 Some members of the alcohol family. 

Alcohol Formula M elting point/ Boiling po int/ 
·c ·c 

Methanol CH30H -94 64 

Ethanol CH3CH20H -117 78 

Propanol CH3CH2CH20H -126 97 

Butanol CH3CH2CH2CH20H -89 117 

Figure 15.2 shows the arrangement of the atoms 
in the folly displayed (structural ) fo rmulae of these 
members of this family o r homologous series . 

The alcohols arc named by reference to the 
corresponding alkanc (sec C hapter 14, p. 2 19), 
always ensuring that the hydrocarbon chain is 
numbered from the end that g ives the lowest 
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methano l 

ethano l 

propanol 

H H H 

I I I H- 1- 1- ,- 0- H 
H H H 

butano l 

H H H H 

I I I I 
H- C- C- C- C- 0 - H 

I I I I 
H H H H 

Figure 15.2 The molecule5 look like their corresponding models in the 
photographs. 

num ber to the position of the - OH group . lfthc 
- O H group is positioned at the end of the alcohol, 
fo r example in CH3CH 2CH 2CH 20H, then the 
position of this group is shown by num bering the 
carbo n ato m it is attached to as ' l ' So this m o lecule 
is called butan-1-ol, o r butano l fo r short. This typt: 
o f alcohol is called a primary alcoho l. 

Alcohols have high bo iling points and relatively low 
volatility. Alco hol molecules arc like water molecules 
(H---OH) in that they arc polar (sec Chapter 11 , 
p. 186). 

Alcohol molecules arc po lar because of the presence 
of the - O H group, in which the hydrogen attached 
to oxygen creates (within this group ) a small 
difference in charge (Figure 15 .3 ). O ther organic 
molecul es that arc po lar arc carboxylic acids such as 

">(t i: I 
H / H hydrogen 

"'- bond 

H 
/ (" " 

Figure 15.3 Polar --OH groups in ethanol molecules lead to hydrogen 
bonding and an attraction between neighbouring molecules. 

Because of the presence of the polar - OH groups, 
there is a relatively strong po lar attraction between 
alcohol molecules. This polar attraction between 
the charges &t and 0- in neighbourin g molecules 
is called a hydrogen bond . This means that the 
molecules have a much stronger attraction fo r each 
o ther th an molecules o f the corresponding alkanc 
of similar relative molecular mass, M,. For example, 
ethanol has an M, valu e of 46 and is a liquid at room 
temperature with a boiling po int o f 78 °C, whilst 
propane (CH 3CH 2C H 3 ) has an M, of 44 and is a gas 
at room temperature with a boiling point o f - 42 °C. 

It is possible to think of alcohol molecules as water 
molecules in which an H atom has been replaced by an 
alkyl group, fo r cxample - C2H 5 in C2 H 50 H. This close 
similarity between their molecules explains why water 
and alcohols with small molecules, such as methanol 
and ethanol, arc miscible . They mi.x because of the 
presence of the polar - O H group in both molecules. 

Many o ther materials, such as food flavourin gs, arc 
made from eth ano l. fu ethanol is also a very good 
solvent and evaporates easily, it is used extensively as 
a solvent for paints, g lu es, aftershave and many o ther 
everyday prod ucts (Figure 15.4 ). 

cth anoic acid (p. 2 37). Figure 15.4 Thisaftershavecontainsakohol. 



Ethanol is by far the most important of the alcohols and 
is often just called 'alcohol'. Ethanol can be prod uced 
by fermentation (p. 236) as well as by the hydration of 
cthcnc (Chapter 14, p. 224). It is a neutral, colourless, 
volati le liquid which docs not conduct electricity. 
The more concentrated forms of alcoholic drinks 
such as th e spirits whiskey and brandy contain hi gh 
concentrations of ethanol. These arc produced 
by distill ation after the fermentation is complete 
(Chapter 2, p. 20). 

Combustion 
Ethanol burns quite readily with a clean , hot fl ame. 

ethanol + m.l'gen ---> carbon + water + energy 

dioxide 

CH 3C H20H(1) + 30i{g) ---> 2COi{g) + 3H2 0 (g) + energy 

As methylated spirit, it is used in spirit ( camping) 
stoves. Methylated spirit is ethanol with small amounts 
of poisonous substances added to stop people drinking 
it. Some countries, like Brazil , already use ethanol 
mixed with petrol as a fuel for cars (C hapter 6, p. 94) 
and this use is increasing worldwide. 

Oxidation 
Ethanol can be oxidised to cthanoic acid (an 
organic acid also called acetic acid) by powcrfol 
oxidising agents, such as warm acidified potassium 
dichromatc(VI ), or potassium manganatc(VII ). 
During the reaction the orange colour of potassium 
dichromatc(VI ) changes to a dark green (Figure 15.5 ) 
as the ethanol is oxidised to cthanoic acid. 

ethanol + oxygen ~ ethanoic + water 
(from acid 

potassium 
dichromate 

(VI)) 

CH JCH 20 H {t) + 2(0] 

1;I 1;I 
H-C - C - O -H + 

I I 
H H 

Question 

2(0] 

H 0 
' ,f 

--+ H-C - C + H 2o 
I ' H O - H 

L,---J 
carboxylic acidgroup 

1 Write a word and balanced chemical equation for: 
a the combustion of butanol 
b the oxidation of butanol. 

Alcohols (R- OH) 

Figure 15.5 Orange potassium dichromate(\11) slowly turns green as it 
oxidisesethanoltoethanoicacid.Potassiummanganate(w)turnsfrom 
purple to colourless. 

Cho lest erol - a complex mo lecule 
that contains the -OH group 
Cholesterol is a naturally occurring and essential 
chemical. It belongs to a family of chemicals 
called steroids and also contains an alcohol group 
(Figure 15.6 ). C holestero l is found in almost all of 
th e tissues in the body, including nerve cells. Levels 
of cholesterol above normal (above 6 .5 mmoJ/1) arc 
associated with an increased risk of heart disease . 
Cholesterol hardens and blocks off arteries by 
buildin g up layers of solid material (ath croma) 
inside the arteries (Figure 15.7, p. 2 36). This is 
particularly serious if th e arteries that supply the 
heart or brain arc blocked. Simple tests arc now 
available to monitor cholesterol levels and people 
with high levels can be treated and can fo ll ow 
special low-fa t and low-cholesterol diets. 

CH, 

CH, 

HO 

Figure 15.6 The structure of cholesterol. 
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a This artery is being blocked by atheroma, which may be related to 
high levels of cholesterol in the blood. 

b Thisisahealthyartery. 
Figure 15.7 

• Biotechnology 
Biotechno logy involves making use o f mi cro ­
o rganisms o r th eir compo nents, such as enzym es, 
for the bcndit o f humans to produce, for example, 
foods such as yoghurt and bread. One o f the o ldest 
bio techn ologies is that o ffennentation . It involves 
a seri es o f biochemical reactio ns b roug ht about by 
mi cro -o rganisms o r enzym es. 

Fermentation in the laborato ry can be carried out 
using sugar solution. A micro-o rganism called yeast 
is added to the solutio n. The yeast uses th e sugar for 
energy during anaerobic respiration (respiration 
without o xygen), and so the sugar is broken down to 
give carbon dioxide and ethano l. The best temperature 
for this process to be carried out is at 37 °C. 

glucose ~ ethanol + carbon dioxide 
C6H 12 0 6(aq) ---------.. 2C2H 50H(1 ) + 2C 0 2(g) 

Figure 15.8 shows a simple apparatus fo r o btaining 
ethano l from glucose in th e laborato ry. 

lf a bo ttle o f wine is left exposed to the atmosphere 
then further o xidation takes place and the ethano l is 
oxidised to cthano ic acid. 

Figure 15.8 Fermenting glucose and yeast to produce ethanol. The bag 
isinflatedduringtheexperimentbyC02. 

Baking - an important use of 
b iot echno logy 
To make bread, fresh yeast is mixed with warm 
sugar solutio n and the mixture added to the fl our. 
This do ugh mixture is then put into a warm place 
to rise. The do ug h ri ses due to the producti on 
o f carbo n dioxide fro m aerobic respiration 
( respiration with oxygen ) by the yeast. The products 
o f this style o f respiratio n arc different to those o f 
an aero bic respiratio n. 

sugar + oxygen ~ carbon + water + energy 

dioxide 

C6H 120 i oq) + 60i(s) _____.. 6COi(s) + 6H2 0 (1) + energy 

After the do ug h has 'risen ', it is baked and the heat 
kills the yeast and the bread sto ps rising . 

New applications of biot echno logy 
A large number o f firms throug hout the world 
arc investing large sums o f mo ney in the newer 
biotechno logy appli catio ns now in use. 

• En zym es can be isolated fro m micro-o rgani sm s 
and used to ca tal yse reactio ns in o ther p rocesses . 
Fo r example, proteases arc used in bio logical 
detergents to digest protein stain s such as blood 
and food. Al so, catalasc is used in th e rubber 
industry to help convert latex into foam rubber. 

• Our ability to manipulate an o rganism 's genes to 
make it uscfol to us is called genetic engineering. 
This is being used , fo r example, to develo p novel 
plan ts for agriculture as well as making important 
human proteins such as the horm o nes insulin and 
growth ho rm o ne. 



H owever, a wo rd of caution is necessary. The new 
biotechnologies may no t be without dangers. For 
example, new pathogens ( organisms that CJ.use disease ) 
might be created accidentally. Nso, new pathogens 
may be created deliberately for use in warfare. As 
you can imagine, there arc very strict guidelines 
covering these new biotechnologies, especially in the 
area of research into genetic engineering. 

Question 
1 What do you understand by the term 'biotechnology'? 

In your answer make reference to the making of bread. 

• Carboxylic acids 
The carboxylic acids form another homologous 
series, this time with the general formula 
CnH2 n+ 1COOH. All th e carboxylic acids possess 
- COOH as their functional group. Table 15.3 
shows the first four members of this homologous 
series along with their melting and boiling po ints. 
Figure 15 .9 shows the actual arrangement of the 
atoms in these members of this family. 

Table 15.3 Some members of the carboxyl ic acid series. 

Carboxylic Formu la Melt ing point/ Boili ng point/ 
acid ·c ·c 
Methanoicacid HCOOH 101 

Ethanoicacid CH3COOH 17 118 

Propanoic acid CH3CH2COOH -21 141 

Butanoicacid CH3CH1CH1COOH -6 164 

Methanoic acid is present in stinging nettles and 
ant stings . Ethanoic acid , however, is the most well 
known as it is the main co nstituent o f vinegar. Like 
o ther acids, cthanoic acid affects indicators and will 
react with metals such as magnesium. However, 
whereas th e mineral acids such as hydrochloric acid 
are called strong acids, cthanoic acid is a weak acid 
(Chapter 8, p. 120). Even though it is a weak acid , it 
will still react with bases to form salts. For example, 
the salt sodium ethan oate is formed when cthanoic 
acid reacts with dilute sodium hydroxide. 

ethanoic + sodium ----> sodium + water 
acid hydroxide cthanoatc 

CH3COOH(aq) + NaOH(aq) ----> CH3COONa(aq) + HiO(t) 

methanoicacid 

ethanoicacid 

H 
I o 

H- C- < 
I 0-H 
H 

propanoicacid 

H H 
I I o 

H--C- C- < 
I I 0 - H 
H H 

butanoicacid 

H H H 
H- LLLC°"

0 

I I I ' OH 
H H H 

Carboxylic acids 

Figure 15.9 The molecules look like the 30 models in the photographs. 

Ethanoic acid also undergoes o ther typical reactions 
of acids, in that it reacts with indicators, metals and 
carbonates in the usual way. 

Ethanoic acid will react with ethan ol, in th e 
presence of a few drops of concentrated sulfuric 
acid, to produce ethyl cthanoate - an ester. 

ethanoic + ethano l ~ ethyl 
acid tt,so, ethanoate 

CHJCOOH(t) + CzH50 H(1) ~ CH!COOCzH5(og) + H20(t) 

This reaction is called esterific.,tion. 
Members of the 'ester' family have strong and 

pleasant smells. They have th e general formula 
CnH ln+ICOOC)-12..,.. 1. Esters arc named after the 
acid and alcohol from which they arc derived: 

• nam e - alcohol part first , acid part second , 
e.g. propyl ethanoatc 

• formula - acid part first, alcohol part second , 
e.g. CH 3COOC3 H 7 
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Ester Made from Structure 
f-~~~~~~~---, 

3D model 

Alcohol Carboxyli cacid 

Ethylethanoate Ethanol Ethanoic acid H 
CH3COOC2Hs c,HsOH CH3COOH I / 

H- C- C H H 

I \ 0 - ~ - ~ - H 
H I I 

H H 

Propyl methanoate Propanl-ol Methanoicacid 
HCOOC3H7 C3H,OH HCOOH 

Methylbutanoate Methanol 
C3H7CD0CH3 CH30H 

Butanoicacid 
C3H7CD0H I I I / 0 

H 

H-1-1-,- c"o- J-H 
H H H I 

H 

Figure 15.10 The molecules of esters look like the 30 models in the photographs. 

Figure 15 .10 shows the actual arrangem ent o f the 
atom s in some of the members of this family. 

Many esters occur naturally and arc responsible 
fo r the flavours in fruits and the smells o f flo wers. 
They arc used, th erefore, in so me food flavourings 
and in perfumes (Figure 15.11 ). 

Figure 15.11 Perfumes contain esters. 

Fats and o ils arc naturally occurring esters which arc 
used as energy storage compounds by plants and 
animals. They possess the same linkage as Tcryknc 
but have different units (sec p. 241 ) . 

Questions 
1 Write the structural formula for propanoic acid. 
2 Write word and balanced chemical equations for the 

esterification of propanoic acid with ethanol. 

3 Which of the following organic chemicals are carboxylic 
acids or alcohols? 
Hexanoic acid, C6H13COOH 
Butanol, C4H90H 
Octane, C8H18 
Nonane, C9H20 
Methanoic acid, HCOOH 
Pentene, C5H10 
Hexanol, C6H 130H 
State why you have chosen your answers. 

Ot he r carboxylic acids 
Aspirin 
Aspirin (Figure 15. 12 ) is one of the most frequently 
used painkillers in the world. It is also able to reduce 
inflammation and fever and a low dose taken on a daily 
basis over the age of 50 may prevent heart attacks. It is 
derived from anotl,er acid, salicylic acid , which can be 
obtained from willow bark. Salicylic acid has the same 
medicinal properties as aspirin and has been known 
since 1829 . Salicylic acid, however, caused stomach 
bleeding. The conversion of salicylic acid to aspirin 
reduced these problems, but aspirin still has some 
adw rsc effects on the stomach if taken in excess. 



50"( 
. . CH3 

aspirin 

Figure 15.12 The structure of aspirin. 

Ascorbic acid (vitamin C) 

Vitamin C, also known as ascorbic acid , is an 
essential vitamin (Figure 15 .13). Vitamin C is 
required by the body in very small am ounts and it is 
obtained from foods. 

ascorbic acid 

Figure 15.13 Thestructureofascorbicacid (vitaminC). 

Vitamin C is important to all animals, including 
humans, and is vital in the production of collagen. 
Collagen is important in the fo rmation of conn ective 
tissues that g ive our bod y shape and help to support 
vital organs. Vitamin C prevents the disease scurvy. 
It is found in citrus fruit s and brightly coloured 
vegetables, such as peppers and broccoli. Many 
people take vitamin C supplements, which arc 
readil y availabl e from supermarkets and pharmacies 
(Figure 15 .14). Although vitamin C is destroyed by 
exposure to air and heat, the average person usually 
reaches tl1c recommended daily allowance of 60 mg 
tluough food. 

Figure15.14 ThesefruitsandsupplementsallcontainvitaminC. 

Citric acid 
C itric acid is an example of a tricarboxylic acid , 
one which contains three - COOH groups 
(Figure 15 .15). It is an important acid and is found 
in all citrus fruits, for example lemons and oranges. 

Soaps and detergents 

r 
Hooe "-..... _,,,...c "-..... _,,,... cooH 

CH2 I CH2 
COOH 

citric acid 

Figure 15.15 Thestructureofcitricacid. 

• Soaps and detergents 
Millions of to nnes of soaps and soapl ess detergents 
arc manufactured worldwide every year. Soa p is 
manufactured by heating natural fat s and o ils o f 
citl1cr plants o r animals with a st rong alkali. These 
fats and o il s, called trig lyccridcs, arc complicated 
ester molecules. 

Fat is boiled with aqueous sodium hydroxide 
to fo rm soap. The esters arc broken down in tlu: 
presence of water -hydrolysed . This type ofreaction 
is called saponification. The equation givcn below is 
that fo r tlu: saponification of glyccryl stcaratc (a fat ). 

glyceryl + sodium ----+ sodium + glycerol 
hydroxide stearate (soap) 

H33C 11- COOCH2 H O - CH2 

I I 
H"C,,- COOCH +3NaOH (..i)-i-3C,,H,,;CX)O-Na+(1)+ H O - CH, 

I I 
H35C"- COOCH,(1) H O - CH,(1) 

The cleanin g properties o f the soap depend on its 
stru cture and bonding. Sodium stcaratc consists 
o f a lo ng hydrocarbon chain whi ch is hydrophobic 
(water hating) attached to an ionic ' head ' which is 
hydrophilic (water loving) (Figure 15.16). 

hydrophobic chain (hydrocarbon) 

Figure 15.16 Simplified diagram of a soap molecule. 

hydrophilic 
head 

Covalent compounds arc generally insoluble in 
water but they arc more soluble in organic solvents. 
Ionic compounds arc generally water soluble but 
tend to be insoluble in organic so lvents. When a 
soap is put into water which has a g reasy dish ( o r 
a g reasy cloth ) in it, the hydrophobic hydrocarbon 
chain on each soap molecule becomes attracted 
to the g rease and becomes embedded in it 
(Figure 15.1 7). 
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water 
molecules 

grease 

grease separates from surface 
and is held in suspension 

-~······· .. . . . . . . 
with • • 
agitation •••••••• 

Figure 15.1 7 Soap dissolves grease like this. 

On the other hand, the hyd rophilic ionic head group 
is n ot attracted to the grease but is stron gly attracted 
to the water m olccuks. When the water is stirred , the 
grease is slowly released and is completely surrounded 
by the soap m olecules. The grease is, therefore, 
'solubiliscd ' and rem oved fro m th e dish. The soap is 
able to rem ove the grease because o f the combinatio n 
o f th e covalent and io nic bo nds present. 

Soapless dete rgents 
In C hapter 11 , p. 188, we discussed the way in 
which , in hard water areas, an insolu ble scum 
fo rms when soap is used. This problem has been 
overcom e by the dc,,d o pmcnt o f synthetic soap less 
detergents . These new substances do not fo rm 
scum with hard water since they do no t react with 
Ca2+ and Mg2+ present in such water. Furthermo re, 
these new soapless detergent m o lecules have been 
desig ned so that they arc bio degradable . Bacteria 
readily break down th ese new mo lecules so that they 
do not persist in the enviro nment. 

Sodium alkyl benzene sulfo natcs were develo ped 
in the early 1970s. The stru cture o f sodium 
3-dodccylbcnzenc sulfatc, C 18H 29S0 3 N a, is given 
below. 

The calcium and magnesium salts o f this detergent 
m o lecule arc water soluble, so the prob lem o f scum 
is solved. Very many o f our washing powders (and 
liquids) contain this type o f substance. 

Ma nufacture of soapless det e rgents 
Soa plcss detergen ts arc detergents that can be used 
m o re cffCctivcly than soap, particularly in hard water 
areas (sec Chapter 11 , p. 188). They arc fairl y cheap 
to m ake and arc rapidly replacing soaps. 

The general process involves, initially, the reactio n 
o f a lo ng, straight-chain alkcnc, such as dodcccnc 
(C H J( C H 2 )9C H =CH 2 ) , with benzene. 

benzene + dodecene dodecylbenzene 

C6Hdl) + CHiCH2~CH=CHi{1) ---> C6Hs(CH2)11CH3(l) 

1l1c m olecular formula o f do dccylbcnzenc is C 18H 30 . 

This compound is then reacted with co ncentrated 
sulfuri c acid to g ive a com pound th at is kn own as a 
sulfo ni c acid. 

dodecylbenzene + sulfuric ---> dodecylbenzene + water 

acid sulfonicacid 

Finally, this is reacted with the alkali sodium 
hyd roxide, N aOH. 

dodecylbenzene + sodium sodium 

sulfonicacid hydroxide dodecylbenzene 

sulfonate 

C1~H19S03H(><i) + NaOH(oq) -> CuH19S03-Na+(oq) 

(soapless detergent ) 

+ water 

+ H10 {t) 

These days, soa plcss detergen ts such as thi s arc to be 
found in m ost washing powders and liquids. 

Questions 
1 What class of organic compound do substances like 

glyceryl stearate belong to? 
2 What do you understand by the terms: 

a hydrophobic? 
b hydrophilic? 
c saponification? 

3 What is the main advantage of detergents over soaps? 



• Condensation polymers 
In Chapter 14 (p. 226 ) you studi ed th e diffCrcnt 
addition po lymers produ ced from alkcnes . Not all 
po lymers arc fo rmed by addition reactions, though . 
Some arc produced as a result o f a different type 
of reacti on. In 1935 Wallace Carothers discovered 
a different sort o f plastic when he developed th e 
therm oplastic, nylon. Nylon is made by reactin g two 
different chemicals together, unlike po ly(cthenc ) 
which is made only from mono mer units o f ethene . 
Po ly(cthcnc ), fo rmed by addition polymerisation, 
can be represented by: 

- A-A-A-A- A- A-A-A-A-A-

where A = monomer. 
The starting molecules for nylon are more 
complicated than those for poly(cthen c) and arc 
called 1,6-diaminohcxanc and hcxancdio ic acid . 

1,6- diaminohexane 
H,N(CH,),Nf-L, + hexanedioic acid 

The po lymer chain is made up from the two starting 
molecules arranged alternately (Figure 15 .18 ) as 
these molecules react and therefore link up . Each 
time a reacti on takes place a molecule of water is 
lost. 

This sort o f reaction is called condensation 
polymerisation. This differs from addition 
polymerisation, where there is o nly one product. 
Because an amide link is fo rmed during the 
polymerisation, nylon is known as a polyamide. 

Condensation polymers 

This is the same amide link as found in proteins 
(p. 24 3). It is o ften called the peptide link. This 
type of polymerisation, in which two kinds of 
monomer unit react, results in a chain of the type : 

- A-B-A-B-A-B-A-B-A-B-

Generally, po lyamidcs have the structure 

0 0 0 0 
II II II II 

-C~ C-N----c::::J-N-C~ C-N----c::::J-N-
1 I I I 
H H H H 

\.Yh cn nylon is mad e in industry, it fo rms as a solid 
which is melted and fo rced through small ho les 
(Figure 15.19). The long filam ents cool and solid 
nylon fibres arc produced which arc stretched to 
align the polymer molecules and then dried . The 
resulting yarn can be woven into fabric to make 
shirts, ties, sheets and parachutes o r turned into 
ropes o r racket strings fo r tennis and badminton 
rackets. The annu al wo rldwide production of nylon 
is expected to reach 6 million tonnes by 2015. 

Figure 15.19 Nylon fibre is formed by forcing molten plastic through 
hundreds of tiny holes. 

We can obtain different po lymers with different 
properties if we carry out condensation 
polymerisation reactions between o ther m onomer 
molecu les. Fo r example, if we react cthane-1 ,2-dio l 
with bcnzcne-1 ,4-dicarboxylic acid , then we produce 
a polymer called Tcrylcnc. 
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ethane- 1,2-diol 
H O (C Hz)zOH 

+ benzene- 1,4-dicarbm.)'lic acid 
H OO C{C 6H JCOO H 

j 

This ester link is the same linkage as in fut s. 
Generally, po lyesters have th e structure 

0 0 0 0 
II II II II 

- C~ C- 0----c::::J-0 - C~ C- 0----c::::J-0 -

Like nylon , Tcrylene can b t: turned into yarn, which 
can then be woven. T cryknc clo thing is generally 
softer than that madt: fro m nylo n but both arc hard 
wearing . Becau se an ester link is formed during tht: 
po lym erisation , Tcrylcnc is kn own as a polyester. 

Fats possess the same sort o flinkagc as Tcrylem:: 
but have different units. Fo r a forthcr discussio n sec 
p. 238. 

Questions 
1 Draw the structure of the repeating units found in : 

a nylon b Terylene. 
2 Explain the differences between an addition polymer 

and a condensation polymer. 

• Some biopolymers 
Sta rch 
Starch is a b iopolymer o r nan1ral polymer. It is a 
co ndensatio n po lym er o f glucose, a type o f sugar. It 
is o ften produced as a way o f sto rin g energy and is 
form ed as a result o f pho tosynthesis in green plants. 

carbon + water 
dioxide 

phorosymh~i, glucose + oxygen 
, uolig:ht/ 

cblorophyU 
(in s ,.eopW>u) 

glucose starch + water 
nC6H 120 6(aq) ----> (C6H 100 5),.(s) + n H 20 (!) 

Starch can be represented by 

- 0---c::::J-O---c::::J-O---c::::J-O-

Bo th starch and g lucose arc carbohydrates, a class 
o f naturally occurring o rgani c compo unds which can 
be represented by the general formula (CH 20 )x. 

Alo ng with fats and proteins, th ey arc amo ng th e 
main constituents o f food . 

Starch occurs in potatoes, rice and wheat. Glucose, 
fro m which starch is polymerised , belo ngs to 
a group o f simple carbo hydrates known as 
monosaccharides. They arc sweet to taste and 
soluble in water. Starch belo ngs to the m ore 
complicated group o f carbohydrates known as 
polysaccharides. Starch docs no t fo rm a true 
solutio n and it docs no t have a sweet taste. With 
iodine it gives an intense blue colo ur (nearly black), 
which is used as a test fo r starch or iodine itself 
(Figure 15.20). 

Figure 15.20 A darkblue---blackcolourisproducedv.-hendiluteiodine 
solution is applied to starch, for example in a potato. 

Hydro lys is o f st arch 
Starch can be broken down in two ways, both o f 
which take place in th e presence o f water. H ence 
th e reactio ns are known as hydrolysis reactio ns. 
H yd rolysis o f starch is the key reacti o n that enables 
us to use thi s energy so urce. lf starch is boiled 
for about one ho ur with dilute hyd rochloric acid , 
it is broken d own into its m o nom ers, g lu cose 
m o lecules. 

starch 
(C 6H 100 5),.(s) + 11H20 (1) 

~ 
heat 
~ 

glucose 
11C6H 12 0 6(aq) 



If starch is mixed with sali va and left to stand for 
a few minutes, it will break down to maltose, a 
disaccharide (that is two jo ined monosaccharid cs) . 
The enzyme present in the saliva, called amylase, 
catalyses this hydrolysis reaction. 

starch + water in saliva ~ maltose 

En zymes arc very efficient natural catalysts present 
in plants and animals. TIK')' do not require high 
temperatures to break down the starch to maltose. In 
humans, a salivary amylase breaks down the starch in 
our food. If you chew on a piece of bread for several 
minutes, you will no tice a sweet taste in your mouth. 
The above hydrolysis reactions arc summarised in 
Figure 15.21. 

starch 
- 0 ----{=:J- 0 ----{=:J-0 ----{=:J-0 ----{=:J-0 ----{=:J-0 ----c:::J- 0 -

·~~ I 
hydrol/ 

HO--c:J-OH HO----c:::J- OH 

HO--c:J-OH HO----c:::J- OH 

HO--c:J-OH HO----{=:J- OH 

glucose 
(~H120 i;) 

\ ~'.'.ym, 
\dro lysis 

HO--c:J---0 ----c:::J-OH 

HO--c:J---0 ----c:::J-OH 

HO--cJ-0 ----{=:J-OH 

maltose 
(C12H220 11l 

Figure 15.21 Starch produces glucose or maltose depending on the type 
of hydrolysis used. Using chromatography it is possible to separate and 
identify the products of the different styles of hydrolysis. 

Questions 
1 In the hydrolysis of starch, how, using a chemical 

test. could you tell whether all the starch had been 
hydrolysed? 

2 Describe a method you could possibly use to identify the 
products of the different types of hydrolysis. 

Amino acids 
There arc 20 different amino acids and they each 
possess two functional groups. One is the carboxylic 
acid group, - COOH . The o ther is the amin e group, 
- NH2 . The two amin o acids shown at the top of the 
next column arc glycine and alanine . 

~ \i 
H 2N - r - cooH H 2N - T - CO O H 

H H 

general glycine 

Some biopolymers 

H 

' H - C - H 
I 

H 2N - T - CO O H 

H 

alanine 

Amino acids arc the building blocks of proteins. 
Similar to nylon (sec p. 24 1) proteins arc 
polyamidcs, as they contain the - CONH- group , 
which is called the amid e or, in the case of 
proteins, the peptide link. Proteins arc fo rmed by 
condensation polymerisation. 

glycine 

H 

' H ~N - C - COOH 
- I 

H 

H O H 
I II I 

alanine 

H 

' H 2N - 9 - c o o H 

C H, 

H 2N - T - c - ~ - T - cooH + H 2o 

H H CH J 

a dipeptide 
(composed of two amino acids joined together) 

Protein chains formed by the reaction of many 
amino acid molecules have the general structure 
shown bdow. 

HH O R HH O 
I I II I I I II 

- N - C - C - N - C - C - N - C - C -
1 I I II I 
R H H O R 

Further reacti on with many more amino acids takes 
place at each end of each molecule to produce 
the final protein (Figures 15.22 and 15.23 ). For 
a m olecule to be a protein, there must be at least 
100 amino acids involved. Below this number, they 
arc called po lypeptides . Proteins make up so me 15% 
of our body weight. 

1 TI I TI - N---[J-c- N- [J-c- N---[J-c-
1 II 
H 0 

Figure 15.22 Generalstructureof a protein. 
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A chain 

COOH 

10 15 

B chain 

30 25 

Figure 15.23 The structure of a protein - human insulin (the different coloured circles represent different amino acids in this protein). 

Proteins fall broadly into two groups: they can be 
fib rous or g lo bular. 

• Fibrous proteins - these have linear m o lecules, 
arc insoluble in water and resistant to alkalis and 
acids. Collagen (in tendons and mu scles), keratin 
(in nails, hair, horn ;md feathers) and dastin (in 
arteri es) arc all fib rous proteins. 

• Glo bular proteins - th ese have complicated 
three-dimensional structures and arc soluble in 
water. They arc easily affected by acids, alkalis 
and temperature increase, when they an: said to 
be denatured . Casein (in milk), albumen (in egg 
white) and enzym es arc cxampks o f glo bular 
proteins. 

Analysis of the products of the hydrolysis of 
proteins 
H ow can you determine which amino acids arc 
present in a particular protein? This in volves 
hyd rolysis o f the peptide (amide) bo nd s in th e 
p rotein so that th e individual amin o acids are 
released. This can o nly be do ne by heating 
the protein with dilute hydrochlo ric acid. The 
mixture o f amino acids is then separated by thin 
layer ch romatography (TLC) (Figure 15 .24 ) or 
elect rophoresis. In bo th cases, a locating agent 
(Chapter 2 , p. 23), such as ninhydrin, is used. Thi s 
ensures that the spots o f amino acid are visible. 

Figure 15.24 Amino acids can be separated and identified by TLC. 

lf you arc tryin g to show only the presence o f a 
protein , a quick test to carry out is known as the 
Biuret test . A mixture o f dilute sodium hyd roxide 
and 1 % coppcr(n) sulfatc solutio n is shaken with 
a sample o f th e material under test . If a protein is 
present, a purple colo ur appears after abo ut three 
minutes (Fig ure 15.25 ). 



a Testingfor a protein. bAddingdilute sodiumhydroxide. 

c Adding 1 % copper(•) sulfate. 

Figure15.25 TheBiuret test. 

DNA 
Dem .. ')'ribonucleic acid (DNA) belongs to a groui:; 
o f chemicals called the nucleic acids (Figure 15 .26) 
They are also biopo lymers. DNA controls the prate 
synthesis within your cells. When you eat a food 
containing proteins, such as meat o r cheese, your 
digestive enzymes break down the proteins present 
into individual amino acids. The DNA in your cells 
controls the o rder in which the amino acids arc 
repolymerised to make the proteins you need ! 

Some biopolymers 

.-lliilM-..L -
F i g u re 15.26 Crick and Watson based this model for DNA on X-ray 
studies performed by Rosalind Frankl in and chemical anatjsis. 

Genes are th e units o f heredity that contro l th e 
characteristics o f organism s. A gene is made of 
DNA. No two individuals have the same DNA 
sequence. DNA ' fingerprinting' has become a very 
powerfol forensic science tool in the im'estigation of 
crime (Figure 15.27). 

Figure 15.27 ldenticalpatternssho'NnbyDNAfingerprintingcan 
identify the criminal. 

Questions 
1 Which two functional groups do amino acids possess? 
2 How many amino acids have to be involved before the 

biopolymer is called a protein? 
3 Name the process by which the individual amino acids in 

a protein are released by reaction with a dilute acid. 
4 Explain how DNA fingerprint ing may be used in 

paternity suits. 



15 ORGANIC CHEMISTRY 2 

• Pharmaceuticals 
Pharmaceuticals arc drugs that arc prepared and sold 
with the intentio n o f t reating illness . A drug is any 
substance, natural o r synthetic, which alters the way 
in which the body works. There arc m any categories 
o f drugs . The fo llowing are som e exam ples . 

• Anaesth etics - these induce loss o f feel ing and/or 
conscio usness, fo r example flu o thanc. 

• Analgesics - these rel ieve pain, fo r example aspirin. 
• Antibio tics - these ;1rc substances, fo r exam ple 

penicillin , originally produced by micro-o rganisms, 
which arc used to ki ll bacteria. H owever, m ost 
antib iotics are now m ade in chemical labo ratories, 
fo r example carbcnicillin. 

• Sedatives - th ese induce sleep, fo r example 
barbiturates . 

• Tranq uillisers - th ese will g ive relief fro m anxiety, 
fo r exam ple Valium. 

There arc, o f course, many o ther types o f drug 
availa ble which have very specific uses. For exam ple, 
mcthyldo pa was developed to relieve hypertension 
(hig h blood pressure ), and antihistamines were 
developed to hel p control travel sickness, hayfever 
and allergic reactio ns. 

The pharmaceutical industry is o ne o f the 
most im portant parts o f the chemical industry 
and is a major consumer o f the products o f th e 
petrochemical industry. It is a high-profit industry 
but with very hig h research and development costs. 
For exam ple, it costs in excess of £ 100 milli on to 
discover, test and get a single dru g o n to the m arket. 

Today, th e pharmaceutical in d ustr y could be called 
the 'm edicines by desig n ' indust ry. Com panies such 
as GlaxoSmithKline have teams of chemists and 
biochemists working almost around th e clock to 
discover, test , check fo r safety and produce dru gs 
that can deal with almost every known illness. 

Table 15 .4 shows the structures o f a selectio n 
of som e o f the m o re comm on d ru gs available 
at the present time, alo ng with their uses . The 
commo n nam es for th ese d rugs arc used , since their 
system atic, th eoretical nam es arc extremely complex. 

Table 15.4 Commonly available drugs. 

Name and structu re 

Aspirin 
0 

II 
(n'TC- 0 - H 

~ o - c -- CH3 
II 
0 

Paracetamol 

Ibuprofen 
CH3 H H 

I'-@- ' H-C- C O C- COOH I I I 
CH3 H CH3 

Penicillin 
0 H 
N I S CH 3 

CH3-c-N11·'r(CH 
)--N~ l 

0 C=O 
I 
H 

Drug abuse 

For the treatment of 

Headaches, mild pain, heart 
disease 

Headaches,mildpain 

Arthritis,fever,mildto 
moderate pain 

High blood pressure 
{hypertension) 

A variety of bacterial 
infections 

Feelings of anxiety or 
depression 

Som e o f the very useful dru gs developed by chemists 
can be habit fo rming . For example, barbiturates (in 
sleeping tablets) and amph etamines (stimulants) fa ll 
into thi s category. Ano ther drug that has created 
problems in the past is Valium, which is no t itself 
addicti ve but when used in the lo ng term m akes 
people dependent o n it. Severe psycho logical and 
physio logical p roblems can arise. 



It should be noted , however, that it is the opiates 
which cause addiction. Cocaine and heroin arc just 
two examples of such substances . Consequences 
of the addictio n include personal neglect , both of 
nutritional needs and of hygiene. For a short-term 
feeling of wdl-bcing (' fix'), the addict is prepared 
to do alm ost anything. Addi cts o ften turn to a 
life o f crime to fulfil their cravings fo r the opiates. 
Addicts, especially th ose inj ecting dru gs, arc at a 
hi gh risk of HIV (human immunodeficiency virus) 
infection as they often share needles with o ther drug 
addicts, who may be HIV positive. Public awareness 
campaigns aim to educate everyone on the dangers 
in society, including dru g abu se and its related risks . 
(Figure 15 .28) 

L-

f 
~ 

g 
E 

. ,., 
"' .•. ' ~I 

~ · ~ 
- . 

Figure 15.28 Increasing public awareness of the risks associated with 
drugabuse isveryimportant . 

Check list 

Questions 
1 Using the data given in Table 15.4, suggest which of the 

pharmaceuticals contains: 
a sulfur c an - NH2 group 
b an -OH group d an ester group. 

2 Drug abuse is a rapidly growing problem worldwide. 
Using the information given in this section as well as 
your research ski lls, make a list of the addictive drugs. 
Also explain the problems that drug abuse can cause. 

Check list 
After studying Chapter 15 you should know and understand 
the following terms. 

• Aerobic respiration Respiration that takes place in the 
presence of ai r. 

• Alcohols Organic compounds containing the -OH group. 
They have the general formula CnHzn+10H. Ethanol is by far 
the most important of the alcohols and is often just called 
'alcohol '. 

• Amino acids These naturally occurring organic 
compounds possess both an -NH2 group and a -COOH 
group on adjacent carbon atoms. There are 20 naturally 
occurring amino acids, of which glycine is the simplest. 

• Anaerobic respiration Respiration that takes place in the 
absence of air. 

• Biopolymers Natural polymers such as starch and 
proteins. 

• Biotechnology Making use of micro-organisms in 
industrial and commercial processes. For example, the 
process of fermentation is brought about by the enzymes in 
yeast. 

• Biuret test The test for proteins. A mixture of dilute 
sodium hydroxide and 1 % copper(u) sulfate solution is 
shaken with the material under test. A purple colour 
appears after about three minutes if a protein is present. 

• Carbohydrates A group of naturally occurring organic 
compounds which can be represented by the general 
formula(CH 20)_.. 

• Carboxylic acids A family of organic compounds 
containing the functional group -COOH. They have the 
general formula CnHzn+iCOOH. The most important and 
well known of these acids is ethanoic acid, which is the 
main constituent in vinegar. Ethanoic acid is produced by the 
oxidation of ethanol. 

• Condensation polymer A polymer formed by a 
condensation reaction (one in which water is given out). For 
example, nylon is produced by the condensation reaction 
between 1,6-diaminohexane and hexanedioic acid . 
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• Di peptide Formed by the reaction of two amino acids. 
• Disaccharide Two monosaccharides joined together, for 

example maltose. 
• DNA Abbreviation for deoxyribonucleic acid. It belongs to 

a group of biopolymers called the nucleic acids. It is involved 
in the polymerisation of amino acids in a specific order to 
form the particular protein required by a cell. 

• Drug Any substance, natural or synthetic, that alters the 
way in which the body works. 

• Drug abuse This term usually applies to the misuse 
of addictive drugs, which include barbiturates and 
amphetamines, as well as the opiates, cocaine and heroin. 
These drugs create severe psychological and physiological 
problems. This leads to a variety of personal problems for 
the user. 

• Esters A family of organic compounds formed by the 
reaction of an alcohol with a carboxylic acid in the presence 
of concentrated H2S04. This type of reaction is known 
as esterification. Esters are characterised by a strong and 
pleasant smell (many occur in nature and account for the 
smell of flowers). 

• Fermentation A series of biochemical reactions brought 
about by the enzymes in yeast or, more generally, by micro­
orgarnsms. 
Functional group The atom or group of atoms 
responsible for the characteristic reactions of a compound. 

• Genetic engineering The deliberate manipulation of the 
genes in anorgarnsm. 

• HIV Short for human immunodeficiency virus, from which 
AIDS (acquired immunodeficiency syndrome) can develop. 

• Hydrolysis A chemical reaction involving the reaction of a 
compound with water. Acid hydrolysis usually involves dilute 
hydrochloric acid, and enzyme hydrolysis involves enzymes 
such as amylase. 

• Monosaccharides A group of simple carbohydrates. 
They are sweet to taste and are water soluble (for example, 
glucose). 

• Pharmaceuticals These are chemicals called drugs that 
are prepared and sold with the intention of treating disease 
(for example, methyldopa). 

• Polyamide A condensation polymer, such as nylon, that 
contains the amide link, -NHOC-. 

• Polysaccharides A group of more complicated 
carbohydrates. They generally do not form true solutions 
and do not have a sweet taste (for example, starch). 
Proteins Polymers of amino acids formed by condensation 
reactions. They fall broadly into two categories: fibrous 
proteins (for example, keratin and collagen) and globular 
proteins (for example, casein and albumen). 
Saponification A reaction in which an ester is heated 
with an alkali, such as sodium hydroxide, producing a free 
alcohol and an acid. 

• Soapless detergents Soap-like molecules which do 
not form a scum with hard water. These substances 
have been developed from petrochemicals. Their calcium 
and magnesium salts are water soluble and they are 
biodegradable. 

• Soaps Substances formed by saponification. In this 
reaction, the oil or fat (glyceryl ester) is hydrolysed by 
aqueous sodium hydroxide to produce the sodium salt of 
the fatty acid, particularly sodium stearate (from stearic 
acid). Soap will dissolve grease because of the dual 
nature of the soap molecule. It has a hydrophobic part 
(the hydrocarbon chain) and a hydrophilic part (the ionic 
head) and so will involve itself with both grease and water 
molecules. However, it forms a scum with hard water by 
reacting with the Ca2+ (or Mg2+) present. 
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• Additional questions 
1 Explain the following. 

a The problem of plastic waste has been overcome. 
b The majority of detergents produced today arc 

biodegradable. 
c In bread making, yeast is added to the mix and 

the dough left to stand for a period of time. 
d Poly(cthcnc) is a thermoplastic. 

2 a A detergent molecule may be represented by the 
following simplified diagram. 

covalent hydrocarbon tail 

ionic 
head 

Use this representation of a detergent molecule 
in a series oflabdkd diagrams to show how 
detergents can remove grease from a piece of 
greasy cloth. 

b Explain why detergents do not form a scum with 
hard water, whereas soaps do. 

c The modern detergents arc biodegradable. 
( i) Explain what this statement means. 
(ii) Why is it necessary for detergents to be 

biodegradable? 

3 A piece of cheese contains protein. Proteins arc 
natural polymers made up of amino acids. There 
arc 20 naturally occurring amino acids. The 
structures of two amino acids arc shown below. 

glycine 

H 
I 

H2N-1-cooH 

H 

alan ine 

H 
I 

H2N-1-cooH 

CH, 

a Name the type of polymerisation involved in 
protein formation. 

b Draw a structural formula to represent the part 
of the protein chain formed by the reaction 
between the amino acids shown above. 

c What is the name given to the common linkage 
present in protein molecules? 

d Why is there such a huge variety of proteins? 
e Name and describe the features of the two broad 

groups of proteins. 

4 starch -+ monosaccharide AY~'.~t liquid B + ca rbon dioxide 

hyd~:~~ork I hut-+ 

potas,lum 
d l<hrom ateivd 

liquid C + water 

]=··--
liquid D + water 

a Name and give the formula and one use of each 
of the substan ces A to D. 

b Write word and balanced chemical equations for 
the reactions involved in the formation of liquids 
B, C and D. 

c Starch is classified as a natural polymer or 
'biopolymer' Explain the meaning of this 
statement. 

d Name the processes by which: 
(i) starch is broken down 
(ii) liquid Bis formed 
(iii)liquid C is formed 
(iv) liquid Dis formed. 

5 a Copy the following table and complete it by 
writing the structural formulae for methanol and 
mcthanoic acid. 

Methane 

H 
I 

H-C-H 
I 

H 

Methanol Methanoicacid 

b Describe a simple chemical test that could be 
used to distinguish methanol from methanoic 
acid. 

c (i) Name the class of compound produced 
when methanol reacts with methanoic acid. 

(ii) Name the type of reaction taking place. 
(iii) Write a word and balanced chemical 

equation for this reaction. 
(iv) Give two uses related to the class of 

compound formed in this reaction. 
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d The following reactio n takes place when 
methan o l is burned: 

2CH,OH(I) + 302(g) - 2C0 2(g) + 4H20 (g) 
11H= - 1452kJmol- 1 

(i) H ow much heat energy would be liberated 
by burning: 
0.5 1110! of methano l? 
4.0mo l o f m ethano l? 
4 g of methanol? 

(ii) Calculate th e volume o f carbo n dioxide 
produced at room temperature and pressure 
(rtp ) when 16 g o f m ethano l arc burned. 
(A.: H = l ; C = 12; 0 = 16 . One mole of 
any gas at rtp occupies 24 dm3 . ) 

6 Why is it safe fo r us to use vinegar, which contains 
cthan oic acid , on food while it would be extremely 
dangerous fo r us to use dilute nitric acid fo r th e 
sam e purpose? 

7 a Which carboxylic acids and alcohols would you 
use to m ake the fo ll owing esters? 
(i) bu tyl m cthanoatc 
(ii) ethyl mcthanoatc 
(iii)propyl propanoatc 

b Which esters would be mad e using the fo llowing 
c1rboxylic acids and alco ho ls? 
(i) ethano ic acid and butan-1-o l 
(ii) methan o ic acid and m ethanol 
(iii)propano ic acid and butan-1-ol 

c Draw the structures o f the following esters: 
(i) ethyl mcthanoate 
(ii) propyl ethanoate. 

d Give two uses related to the class o f compound 
fo rmed in this reactio n. 

8 a Name the polym erisatio n process that is used to 
make both nylo n and Terylene. 

b Name the starting materials fo r making: 
(i) nylon 
(ii) Ter ylcne. 

c Give the name and formula o f the small 
m o lecule prod uced during the po lymerisatio n 
reactio ns to produ ce bo th nylo n and Terylcne. 

d Give the name o f the chemical link that ho lds 
together: 
(i) nylon 
(ii) Ter ylcne. 

e Give two uses fo r: 
(i) nylon 
(ii) Ter ylcne. 

f Explain th e difference between the type o f 
polymerisatio n you have nam ed in pa.rt a and 
additio n po lym erisatio n. 

9 What arc the advantages and disad vantages o f th e 
two m ethods used to manufacture eth ano l: 
a by tCrmentatio n 
b by the hydratio n o f ethenc with steam ? 
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Objectives for experimental skills and investigations 

Suggestions for practical work and assessment 
Safety 
Red ox 

• Objectives for 
experimental skills and 
investigations 

The I G CS E chemi stry syllabus suggests that students 
should be able to : 

1 kn ow how to safely u se tcchniqm:s, apparatus 
and materials ( including fo llowing a sequence o f 
instructio ns where appropriate) 

2 plan experiments and investig ations 
3 make and record observatio ns, measurem ents and 

estimates 
4 interpret and evaluate experimental o bservatio ns 

and data 
5 evaluate m eth ods and suggest possible 

improvem ents. 

All candidates must take a practical paper based o n 
the criteria above. Yo u must take o ne o f the fo ll owing 
papers: 

• Paper 5 - Practical Test , or 
• Paper 6 - Alternative to Practical (written paper ). 

So me examples o f exam style qu estio ns fro m Paper 6 
arc given o n pp . 26 4-74. The practical assessment is 
20% o f the available marks. 

• Suggestions for practical 
work and assessment 

The following list su ggests practical exercises that 
could be used to both support the assessment 
o bjectives given above and enrich the study o f 
chemistry; in addition, it sho uld suggest plenty o f 
o pportunities fo r the enhancem ent and assessm ent 
o f practical skills. The list is neither exhau stive nor 
prescriptive: the actual selectio n o f practical work, 
wheth er from this list or fro m elsewhere, has to be 
governed by local factors such as the facilities available, 
safety consideratio ns and the abili ty o f the class. 

Notes on qualitative analysis 
Appearance or smell 
Flame colours 
Tests for aqueous cations 
Tests for aqueous anions 
Tests for gases 

Safety 
In the suggested practi cal exercises, materials arc 
u sed which , altho ug h familiar in many cases, arc o f 
a potentiall y hazardo us nature, and appro pria te care 
and precautio ns sh o uld be taken. We believe that 
the experimen ts can be carried out safely in school 
laborato ries. H owever, it is th e respo nsibility o f th e 
teach er to make the final d ecision d epending o n th e 
circumstan ces at the tim e. G oggles sh ould be worn at 
all times . In certain cases disposable gloves and fum e 
cupbo ard s will be required. 

Teach ers must ensure that they follow th e safety 
guidelines set d own by their employers, and a risk 
assessm ent must be completed for any experiment 
that is carried o ut. Teachers sho uld draw students' 
attentio n to the hazard s involved in the particular 
exercise to be performed. 

Red ox 
The concept o f red ox, either in its elem entary form 
( that is, as the loss or gain o f oxygen ) o r as electron 
transfer, is a constant them e th roug ho ut the syllabus 
and the associated practical work. The list su ggests 
plenty o f varied examples, designated by R, to 
reinfo rce the theory. 

Chapter 1 The particulate nature of 
matter 
Solids, liquids and gases 
• A simple d em o nstratio n to illu strate the three states 

o f matter and their intcrconvcrsio ns - ice, water 
and steam. 

• Dem o nstrate the compressibility o f gases and th e 
inco mpressibility of liquids by usin g a syringe to 
show that the volume of a gas ( e .g . air) d ecreases 
with pressure whereas that o f a liquid (e .g. water) 
docs no t . 
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Changes of state 
• Measure the m eltin g points o f bo th a pure 

sample and an impure sample o f a solid ; this will 
dem o nstrate that m elting po int is a m eans o f 
assessing purity. 
• M easure th e temperature o f melting ice, then 

repeat after adding salt to the ice. 
• M easure th e melting po int o f octadecano ic acid 

using a water bath (Figure 1.12, p. 6 ), th en 
repeat using a sample that is contaminated with a 
trace o f salo l (phenyl 2-hyd roxybcnzoatc ). 

• Use a liquid paraffin bath o r d cctrical heating 
apparatus to measure the melting po int of an 
unknown compo und and decide whether it is a 
pure sample. 

• Bo iling point as a criterio n o f purity. U se a test­
tu be and therm o meter to measure the bo iling 
point o f a suitable liquid. A simple example would 
in volve heatin g calcium chlo ride solutio n in a test­
tube with a few anti-bumping g ranules. N o te that 
th e bulb o f the therm om eter must Ix in the liquid 
itself to measure its bo iling po int (typically 102 °C 
in this case ) and no t in the vapo ur above the liquid 
(where it would register 100°C). 

• The fractio nal distillation o f a mixture o f water and 
ethano l (Fig ure 2 .22 , p. 2 1) illustrates that a pure 
liquid boils at one temperature but a mixture o f 
liquids boils over a range o f tem peratures. 

• A liquid will boil at a lower temperature when the 
external pressure is reduced , e .g. by using a water 
pump. The variati on o f bo iling po int with external 
pressure can be dem onstrated with a volatile liquid , 
such as m ethan ol; it is advisable to introduce 
som e fo rm o f cold trap to redu ce the am o unt o f 
vapo ur entering the waste. An alternative is to allow 
bo iling water to cool and so sto p boiling, and then 
redu ce th e pressure: it will start to bo il again at a 
temperature below 100 °C 

• Io dine, ammo nium chloride or dry ice can Ix 
used to demo nstrate sublimatio n. H eat the solid 
ammo nium chloride or iodine in a test-tube to show 
that it disappears fro m the bottom o f the tu be and 
condenses higher up the tube, where it is cooler. 

Heating and cooling curves 
• Studen ts will already Ix familiar with melting and 

bo iling, so a more profitable approach might be to 
supply th em with data to constru ct and interpret 
th ese curves. 

Diffusion 
• Brownian m o tio n can be dem onstrated using 

po llen or sm o ke . Sm oke cells arc commercially 
available. 

• Illustrate gaseous diffu sion usin g a gas jar o f 
b romin e va pour and a gas jar o f air as described in 
the text (Fig ure 1.13, p. 6). 

• An additio nal dem o nstratio n o f gaseous diffusio n 
is similar, but uses a gas jar of hyd rogen above a gas 
jar of carbon dioxide. Both gas jars can Ix tested for 
th e presence of carbon dioxide. It is preferable to 
set up this experiment twice, then , using the second 
set , hyd rogen can be shown to be in both jars. 

• D em o nstrate the ammo nia and hydrochloric acid 
experiment described in the text (Figure 1.14, p . 7 ). 
This also illu strates the dependence of the rate o f 
diffusio n on the relative molecular mass of a gas, Mr. 

• An alternative is an arrangement o f mano m eter 
and porous pot which effectively compares th e rate 
of diffusio n o f a gas with that o f air (Figure 16. l ). 
This can be used to show that carbon di oxide 
diffi.1ses slower than air and hyd rogen diffuses faster. 

beaker 

coloured 

a The pressure inside the porous pot rises because hydrogen diffuses in 
fasterthanair diffusesout. 

carbon dioxide 
gas -+ 

porous 
pot 

b The pressure inside the porous pot falls because air diffuses out faster 
thancarbondioxidediffusesin. 

Figure 16.1 Comparing the rate of diffusion of gases with that of air. 



• Diffusion of a co loured solute in water. A large 
crystal of copper(11 ) sulfate is added to a measuring 
cylinder o f water and is observed over several days. 

Chapter 2 Elements, compounds and 
experimental techniques 

Elements 
• Display samples of as many elements as possible, 

either on information cards o r on a copy of the 
Peri odic Table. Thi s is an effective observati on 
exercise. 

• Set up a circus of activities which includes both 
collecting data from computers or data books 
(e.g. melting and bo iling points and density) 
and practical exercises on comparing electrical 
condu ctiviti es. These activities will illustrate the 
physical differences between metals and non-metals. 

Compounds and mixtures 
• Demonstrate the combinati on of elements to form 

compounds, fo r example magnesium and oxygen , 
iron and chlo rine, hydrogen and oxygen, zinc and 
sulfur, carbon and oxygen , and aluminium and 
iodine. 

• Demonstrate the iron and sulfur experiment 
described in the tex t (p. 16). 

Separating mixtures 
• Filtration, decanting and centrifu g ing to separate a 

solid from a liquid (p. 18). 
• Evapo ration to obtain a solute from a solution 

(p. 19). 
• Crystallisation of impure bcnzoic acid. Bt:nzoic 

acid is contaminated with a trace of a blue dye 
and then dissolved in the minimum amount of 
boiling water. Allow to coo l and separate crystals 
by filtration. The blue colour will have disappeared 
or become fainter, showing that crystalli sation has 
removed the impurity. 

• Simple distillation to separate a solvent from a 
solution (p. 20 ). 

• Separation of immiscibl e liquids using a separating 
fi.mncl (p. 20). 

• Fracti onal distillation of a mixture of ethanol 
and water will separate two miscible liquids and 
illustrates that an impure liquid docs no t boil 
at a specific temperature but over a range of 
temperatures (p. 21 ). 

Suggestions for practical work and assessment 

• lllustratc the use of chromatography as a test of 
purity and an analytical tool. Suitable examples 
include coloured inks, food colouring, pigments 
from flowers or grass, metallic catio ns and 
identification of sugars. At least one exercise sho uld 
involve developing a chromatogram and at least 
one should in volve the measurement of Rr values. 

Gels, sols, foams and emulsions 
• Set up a circus of gels, sols, emulsions and foams, e .g. 

'jelly', milk, pumice stone, polyurethane foam , bread, 
emul sion paint, cola , hair cream, aerosol dispenser, 
salad cream. A silica gel can be made from sodium 
silicate and hydrochloric acid. C lassify the examples 
according to type of colloidal system. 

• Make a coll oidal sol ofi ron(m ) hydrox ide by 
adding aqueous iron(m ) chlorid e to boiling water, 
o r a coll o idal sulfur sol by adding dilute aqueous 
sodium thi osulfate to hydrochloric acid. For both 
of these sols, it can be shown that th e solid phase is 
no t separated by filtration. 

Chapter 3 Atomic structure and 
bonding 

Ionic bonding 
• Look up the melting and boiling points of ionic 

compounds in data books. 
• Show that most ionic compounds dissolve in water. 
• Demonstrate that an ionic compound , po tassium 

iodide or lithium chloride , condu cts electricity in 
the molten state but not as a solid. 

Covalent bonding 
• Look up the meltin g and boiling po ints of simple 

covalent compounds in data books. 
• Show that they arc no t good co ndu cto rs o f 

electricity in the liquid phase - demonstrate this 
with hexane, ethano l o r phospho ru s trichloridc. 

• Show that graphite is both soft: and a good 
conductor of electricity. 

• Use a glass cutter to illustrate the hardn ess of 
diamond. 

Glasses and ceramics 
• Heat a piece of glass tubing to demonstrate that it 

gradually softens, will bend and can be pulled into 
a finer tube. These changes show that g lass is a 
supercooled liquid , no t a solid. 
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Metallic bonding 
• Tht: propcrtit:s o f typical metals will bt: covered 

by the practical work on the transitio n dcmcnts in 
Chapter 9. 

Chapter 4 Stoichiometry - chemical 
calculations 

Moles and gases 
• Measure the m o lar volume at rtp fo r hydrogen. 

U se a flask with a delivery tube and coll ect the 
gas over water in an inverted m easuring cylinder 
o r burcttc (Figure 16.2 ). Put an excess o f dilute 
hydrochlori c acid, say 100 cm3 of2mol dm-3 acid , 
in th e flask and add a piece o f magnesium ribbon 
whose mass is kn own accurately and is abo ut 0.1 g . 
(It is useful to measure the mass o f a 1 m leng th o f 
ribbo n and then th e mass o fa small er length can 
be calculated. ) Measure the volume o f hyd rogen 
collected in the m easuring cylinder or burcttc. 

lift the cork slightly 
and immediately replace; rgoe,;,m falls ;o,o ,c;d 

excess dilute 
hydrochloric 
acid 

cotton thread 

magnesium 
ribbon 

hydrogen 
collects 
here 

Figure 16.2 Measuring the molar volume of a gas at rip. 

• Measure the m o lar volume at rtp fo r carbon 
dioxide. Repeat the experiment above, usin g a 
kn own mass o f a carbo nate and coll ecting the 
carbon dioxide in a syringe. 

Chapter 5 Electricity and chemistry 
• Introducto ry practical. Elect ro lytes o nly condu ct 

in th e liquid phase, either mo lten or in aqueous 
solution. Experiments can be carried out to 
illu strate th e differe nces between st rong, weak 
and no n-elect rolytes. U se a circuit similar to 

that in Figure 5 .2 (p . 7 2 ), but with an ammeter 
in preference to the lamp, and m easure the 
condu ctivity o f a selectio n o f liquids, fo r example 
sodium chlo ride solutio n, hyd rochloric acid, 
sodium hyd roxide solution , water, dilute ethan o ic 
acid , aqueous ammo nia , paraffin and ethan o l. 

• Elect rolysis as decom positio n , for example of 
copper chloride soluti o n , zinc b romid e so lutio n , 
hyd rochloric acid and acidified water. Include tests 
fo r chlorin e, o xygen and hyd rogen. R 

• Elect rolysis o f aqueous solutions o f th e followin g 
usin g inert electrodes : sodium chloride, copper(11 ) 
sulfate, sodium sulfate and sodium hydroxid e. 

• Elect rolysis o f aqueous copper(11 ) sulfatc using 
copper electrod es . 

• Examples o f elect roplating, such as nickel plating . 
U se a nickel ano de, a copper cathode and nickel 
sulfatc solutio n as the elect rolyte in a cell similar to 
that in Figure 5 .20 (p. 84). 

Chapter 6 Chemical energetics 
• Simple distillatio n o f a synthetically manufactured 

'crude o il' o btained from chemical suppliers. 
• Inspectio n o f some o f the fractio ns o f the primary 

distillatio n o f crude o il - colo ur, viscosity, bo iling 
po int and flammability. 

• Show examples o f exothermic and endo thermic 
reactio ns. 
• Dissolve ammo nium nitrate in water - an 

example o fan e nd o thermic change. 
• Dissolve anhyd rous copper(11 ) sulfatc in water -

an example o f an exothermic chan ge. 
• D etermination o f the enthalpy o f combustio n o f 

ethano l, as described in questio n 6 o n p. 102. 
• Show that the reactio n between zinc and coppcr(n ) 

io ns is exo thermic. 
• Add zinc du st to copper(11 ) sulfatc so lutio n. N o te 

the temperature o f the solution before and after 
the additio n o f the zinc. H ere chemical energy is 
transformed into heat energy. 

• Set up a zinc/copper cell and note its po larity 
and vo ltage ( Fig ure 6.23 , p . 98 ). Here chemical 
energy is chan ged into electrical energy. Repeat 
using o ther cell s, fo r example C u/ Ag, Fe/Cu 
and Mg/Cu. This will dem o nstrate that the 
reactivity series can be established using cells. R 

• To simulate a foci cell, electrolyse water fo r a few 
minutes until both elect rodes arc covered with 
bubbles o f gas. Replace the power supply with a 
voltmeter. This will show that th e cell produces a 



voltage when the hydrogen on one electrode reacts 
with the oxygen on the o ther by the t r.i.nsfcr o f 
electrons through the external circuit. R 

Chapt e r 7 Chem ica l react io ns 
• Reaction of calcium carbonate and acid 

(Figure 7.3, p. 105 ) - the effect o f concentrati on 
and surface area . 

• Reacti on of sodium thiosulfate and acid 
(Figure 7 .8, p. 107) - the effect o f concentration. 

• Decomposition of hydrogen peroxide, catalysed by 
mangancsc(I\-' ) oxide - th e effect o f concentration 
and mass of catalyst on the rate and on the volume 
of product . 

First use a mixture of 2cm 3 of 20 vol hydrogen 
peroxide and 4 8cm 3 of water, with 0 .2 g of 
mangancsc(I\-' ) oxide. Then use a mixture of 4 cm 3 

of20 ,,o l hydrogen peroxide and 46cm 3 of water 
with 0.2 g of manganese di oxide. Finally use a 
mixture of2 cm 3 of2 0vol hydrogen peroxide and 
48 cm 3 of water with 0.4 g of manganese dioxide. 
Collect th e oxygen over water in an in verted 
measurin g cylinder o r burette and obtain sets o f 
readin gs of volume against time. 

• Add a 2 cm leng th of magnesium ribbon to an 
excess of2mol dm-3 hyd rochloric acid and measure 
the time taken fo r the metal to react . Repeat, with 
the same sized piece of magnesium but a different 
concentration ofacid. (Another \'crsion of this 
experim ent is to make tcmper.i.turc the variable and 
use hydrochloric acid at different temperatures.) 

• Add a 2 cm leng th of magnesium ribbon to an 
excess of2 mol dm -3 ethan oic acid. Measure the 
time taken for the metal to react and compare thi s 
result with th e one above . 

• Reaction of metal and acid - the effect o f 
concentration and surface area on the reaction r.i.tc 
and on the volume of product. 

Collect the hydrogen and o btain data on the 
volume evolved against time. The appar.i.tus used 
could be a fl ask with delivery tube and a gas syringe 
or burcttc. A leng th of magnesium ribbon is 
suspend ed above excess acid and is all owed to fall 
into the acid as the timing starts. 

The experim ent could be repeated using different 
leng ths of ribbon and diffe rent concentrations of 
acid. Also, a mass of magnesium powder equal to 
that o f the ribbon could be suspend ed above the 
acid in a small tube. 

Suggestions for practical work and assessment 

• Decomposition of sodium chloratc(r), catalysed by 
a cobalt(n ) salt. 

2N,CIO(,q) - 2N,Cl(,q ) + 0 2(g) 

Use the same apparatus as in the previous exercise 
to obtain data on the volume of oxygen evolved 
against time. This can be analysed to investigate the 
eftCct o f concentration on the reaction rate and on 
the vo lume of produ ct. 

• Identical mixtures of sodium thiosulfate solution 
and hyd rochloric acid arc used at different 
temperatures in the experim ent described on 
p. 107 . The results illustrate how rate depends 
on tempcr.i.turc when the concentrations arc kept 
constant. 

• Compare a silver halide that has bee n ex posed 
to light with a sample kept in the dark. Prepare a 
suspension of silver bromide and divide it into two 
po rtions. Wrap one po rtion in aluminium fo il and 
ho ld the o ther near a bright light. 

• Divide a mixture of bromine and hexan e into two 
po rtions. Expose o ne to bright light while the 
oth er is kept in th e dark. O nly the sample exposed 
to the light will evolve hydrogen bromide, and its 
brown colour will fade. 

• Biology-type ex periments on g reen leaves and 
light. It is probable that th e stud ents will already be 
familiar with these. 

• The cftCct o f enzymes on th e decomposition of 
hydrogen peroxide. Add a pi ece of raw liver to 
20 vol hydrogen peroxide. 

• Add a few d rops of washing -up liquid to 20 vol 
hydrogen peroxide. Di vide this mixture into two 
po rtions and add manganese(1v) oxide to one 
portion. Compare th e rate o f decomposition of 
hydrogen peroxide in the two samples. 

Chapte r 8 Acids, bases and sa lts 

Acids a nd a lka li s 
• With simple indicators, find the acid colour, the 

alkaline colour and the neutral colour. Hold the acid 
tu be and the alkaline tube up to a light together and 
look through both to see the neutr.i.l colour. 

• Dilution experiments using universal indicator 
and 0.1 mol dm-3 solutions of hydrochlo ric acid , 
sodium hydroxide, cthanoic acid and ammonia. 
These will esta blish the pH scale and promote an 
und erstanding of the distinction between strong 
and weak electrolytes. 
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• D em o nstrate that a solution o f hydrogen chlorid e 
in dry hexane does no t exhibit acid properties. It 
docs not conduct ckctricity, nor does it react with 
mag nesium. 

Formation of salts 
• Reactio ns o f a typical acid with metals. Use 

hydrochlo ri c and/or sulfori c acid with magnesium, 
aluminium, zinc, iron and copper. R 

• Reactio ns o f typical acids with bases and 
carbonates. Use a sckction of alkalis, insoluble 
bases and carbonates with hydrochlo ric, sulfuric 
and nitric acids. 

• Small-scak preparatio n o f a salt fro m a m etal -
magnesium sulfatc -7 -watcr (p. 123 ). 

• Preparation of a salt by titration - sodium chloride 
or sod ium sulfatc -1 0-watcr (p. 124 ). 

• Preparatio n of a salt fro m an insoluble carbo nate 
and an acid - nickel sulfatc-7 -watcr (p. 123). 

• Preparatio n of a salt fro m an acid and an insoluble 
base - coppcr(n ) sulfatc -5-watcr (p. 124). 

• Tests for anions - nitrate, chl o ride, bromide, 
io did e, carbo nate and sulfatc (p. 262 ). 

• Preparatio n ofa number o f insoluble salts by 
precipitation on a test-tube scale - an exercise in 
practical skills, observatio n, recordin g and writing 
eq uatio ns. 

• One fo rmal preparation o f an insoluble salt, such as 
lead iodide, to include filtering, washing and drying 
(p. 125). 

Crystal hydrates 
• Thermal decomposition o f a hydrated salt -

coppcr(n ) sulfatc-5 -watcr. Add water carefull y to 
th e anhydrous salt (Fig ure 8.21, p. 128). 

• Find x in MgS04.xH 2 0 or BaC12 .xH20 by thermal 
decompositio n. Weigh a clean, dry crucible and 
lid. Add between 2 g and 3 g o f the hydrated 
compo und and re-weigh, then heat to constant 
mass. From th e results calculate x. 

Titration 
• By titratio n find the concentration o f a solutio n o f 

an alkali using a standard acid, hyd rochloric acid, as 
described in the text (p. 129). 

• Using the sam e method (but a different 
calculation ), find the conce ntratio n ofa solutio n of 
an alkali using sulfuric acid. 

• By titration find th e mass o f o ne m o le o f an 
acid, H 2 Y, g iven a solutio n ofH 2Y of kn own 
concentration in gdm-3 . A suitable acid would 
be cthancdioic acid, with pheno lphthalein as the 
indi cator. 

Chapter 9 The Periodic Table 

Group I -the alkali metals 
• Teachers can demo nstrate that lithium , sodium and 

potassium arc soft metals and good condu ctors o f 
electricity, and students can find the densities and 
melting po ints o f these metals usin g data books. 

• The metals arc burnt in air o r oxygen and then 
it is shown that their oxides arc alkaline. Using a 
dcflagratin g spoon, the hot m etal is placed into 
a gas jar o f oxygen, the colo ur o f the flame is 
no ted and the pH o f the white powder fo rmed is 
measured. 

• The reactions of lithium, sodium and potassium 
with cold water can be demo nstrated to show that 
alkaline so lutio ns arc formed and to illu strate the 
difference in th eir rcactivitics. 

• Sodium is burnt in chlorine to dem o nstrate the 
fo rmatio n o f sodium chloride. 

Group II -the alkaline earth metals 
• Similar exercises as fo r Group I can be conducted 

with mag nesium and calcium. In addition, it can be 
demonstrated that magnesium reacts slowly with 
cold water but will burn in steam (Fig ure 10.3, 
p. 151 ). 

Group VII -the halogens 
• Investigate their physical properties by inspectio n 

and usin g data books. 
• D em onstrate their displacement reactio ns. R 

Add chlorine water to po tassium bromide solutio n. 
Add chlo rin e water to po tassium iodide soluti on. 
Add bromine water to potassium iodide solutio n. 

• D em onstrate the fo rmation of halides . Use small 
quantities in all o f these reactio ns, which must be 
performed in an efficient fi.unc cupboard. 
• H eat aluminium turnings in a current o f chlo rine 

or add ho t aluminium powder to a gas jar of 
chlorine . Add ho t aluminium powder to bromine 
vapour. Add o ne drop of water to an intimate 
mixture o f aluminium powder and iodin e. 

• Reactio n o f copper ( use Dutch metal ) and 
chlorine . 



• Reaction of phosphorus and chlorine. Put a small 
pico.: o f white phosphorus on a spoon into a gas 
jar o f chlorine . 

• H ydrogen and chlorine . Make a mi xture of these 
gases by electrolysis and expose it to a bright 
light fro m a pho tographic flash or burning 
magnesium. 

Meta ls 
• Most metals react with dilute acids. Add a small 

piece of a metal to dilute hydrochloric acid and test 
fo r hydrogen. Use magnesium, aluminium, zinc, 
iron and copper. 

• Differences in the physical properties o f the 
transition elements, such as melting points and 
densities , can be established from data books. 

• Transition metals react with oxygen to fo rm 
inso luble oxides that arc no t alkaline . The reactions 
of these metals with acids will illustrate their lower 
reactivity. 

• An observational exercise using compounds of 
chromium, man gan ese, cobalt, nickel and copper 
will emphasise that these metals have coloured 
compounds. 

• Flame colours (p. 26 1 ). 

Chapt e r 10 Meta ls 
Typica l reactions of meta ls 
• Reaction of metals with dilute acids (p. 150). R 
• Reaction of metals with air and oxygen (p. 151 ). R 
• Reaction of metals with cold water o r steam 

(p. 151 ).R 

Competit ion reactions 
• Redu ction of metal oxides by o ther metals 

(Figure 10.6, p. 154). Demonstrate th e Thcrmit 
reaction and the reactions between the metals 
magnesium, zinc, iro n and copper and their oxides. 
Thi s will establish an order o f reactivity for these 
metals. Some of these reactions arc very vio lent so 
the use of small quantities and a rehearsal before 
the class demonstration arc essential. R 

• Redu ction of metal oxides by methane/hydrogen. 
It is safer to use methane, which is passed over 
heated copper oxide. R 

• Metal/ metal displacement reacti ons in aqueous 
solution. C lean pieces of a metal arc add ed 

Suggestions for practical work and assessment 

to the aqueous nitrate o f ano ther metal. The 
stud ents look fo r evidence of displacement and so 
establish an order o f reactivity. Suitable metals arc 
magnesium , zinc, lead , copper and silver. R 

Identifying metal ions 
• Reactions of cations in aqueous solution with 

sodium hydroxide - Al3+ Fe1+ Fc3+ C ul+ Cal+ 

Zn1 , C r3+,. A,; excess o f ;odim~ hyd,roxid ; solution 
is added slowly to a small volume of the solution 
containing the cation. This is an exercise in 
observation, organisational and recording skills and 
in the ability to write chemi cal equati ons - word , 
molecular and ionic. 

• Reactions of the same cations with aqu eo us 
ammonia. This is essentially a repeat o f the exercise 
above but with less emphasis on equation writing. 

• Identification of unknown cations using sodium 
hydroxide solution and aqueous ammonia. 

Amp hoteric hyd roxides and oxides 
• H ydroxides arc classified as basic o r amphotcric . 

The qualitative exercises above will p rovide a 
practi cal basis fo r th e und erpinning th eory. A useful 
extension exercise is to provide unkn own cations 
in solution and fo r the students to ascertain if their 
hyd roxides arc basic or amph o teri c. 

• Ano ther in fo rmative practical involves adding 
dilute acid d ropwise to an aluminatc or zincatc and 
observing th e changes in reverse. 

AJ3+ 
0C:- Al(OH ) 

0C:- Al(OH) -
~ 3 ~ 4 

• O xides arc classified as basic, acidic, neutral or 
amph o tcri c. An exercise with unkn own oxides is 
conducted using the fo ll owing tests: 
• Docs the ox ide dissolve in water1 lf so, measure 

th e pH. 
• Do the insoluble oxid es react with 4 mol dm -3 

nitri c acid 1 
• Do the insoluble oxides react with 4 mol dm -3 

sodium hydroxide? 

Act ion of heat on met al compou nds 
• Acti on of heat on metal oxides . 
• Action of heat on hydroxides . It is easier to use 

metal hyd roxides that have a different colour from 
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th eir oxides, such as the hydroxides o f iron , kad 
and copper. 

• Actio n o f heat o n nitrates. For safety reasons this 
is best d em onstrated as there arc som e seri o us 
hazards - mo lten p otassium and sodium nitrates/ 
nitrite, dccrcpitation with kad nitrate and th e 
emissio n o f the poisonous gas, nitrogen di oxide. 

• Actio n o f heat o n carbo nates - sec p. 152 . 

Rusting of iron 
• E xperiment o n ru sting as d escribed in the text 

(Figure 10.20 , p. 162). R 
• Set up a cell with two iron elect rod es conn ected 

th roug h a voltmeter and bubble oxygen onto o ne 
elect rod e. From the po larity o f the cell, stud ents 
can d educe the directio n o f the elect ron flow 
and an alyse the cell reactions in terms o f electron 
transfer. R 

• Set up a zinc/iron cell to dem o nstrate sacrificial 
protection . An alyse the cdl reacti ons as above. R 

Chapter 11 Air and water 

Air 
• Find th e percentage o f oxygen in th e air as 

described in the text (Figure 11.6, p . 174 ). 

Ammonia gas 
• Laborato ry preparatio n o f ammo nia (Fig ure 11 .16, 

p. 179). 
• The fountain flask experiment (Fig ure 11.18, 

p. 180). 
• Show th at ammo nia is a base. N eutralise acids by 

adding 2 m o l dm-3 aqu eous amm onia to dilute 
acids in the presence o f universal indicator. 

• Show th at ammo nia is a weak base. M easure the 
pH o fO . l m ol dm-3 aqueous ammo nia and its 
condu ctivity. Compare the pH and conductivity 
with those o fO.l mo l dm-3 sodium hyd roxide. 

• Precipitatio n o f m etal hyd roxides - sec C hapter 10. 
• Test fo r th e amm o nium io n (p . 262 ). 

Reversible reactions 
• Acid/ base indicators . 
• Actio n o f heat o n copper(n ) sulfatc-5-watcr. 
• Add sodium hyd roxide solutio n to a solutio n o f a 

zinc, an aluminium or a lead salt. The hyd roxide 
will precipitate and then dissolve in excess alkali to 
fo rm an aluminatc, zincate o r plumbatc. On the 

additio n o f dilute nitric acid the hyd roxide will 
reappear, only to dissolve with th e additi on o f mo re 
nitric acid. 

OH- OH-
metallic cation W metal hydroxide W metallic anion 

Equilibria 
• k c/water and o ther changes o f state. 
• Saturated so lutio ns in equilibrium with excess 

solute. 
• Bismuth chlo ride and water. Prepare a solutio n o f 

bismuth chloride in the minimum o f hyd rochloric 
acid and add to a large excess o f water. 

BiC13 + H 20 ;:= BiOC l(s) + 2HC1 
white 

On the additio n o f hydrochloric acid, the white 
precipitate will become fainter and then disappear. 
The additio n o f sodium hyd roxide solutio n will 
cause the precipitate to reappear. This illustrates 
different positio ns o f the sam c cqu.ilibrium . 

• Iodine will react with chlorine to fo rm iodine 
m onochlo rid c, and with an excess of chlorine th e 
fo ll owing equilibrium will be establi shed. 

Cl2 + !Cl(!) cc IC13( , ) 

brown yellow 

The rem oval o f chlo rine by blowing air through th e 
U-tube or by inverting it resul ts in the fo rmatio n 
o f th e brown liquid, while the additio n o f chlorine 
results in th e formatio n o f the yellow solid. 

• Fe3+(aq) + Ag(s) ;::! Fc2+(aq ) + Ag+(aq ) 
• FcCl3 + 3 KCNS cc Fc(CNS), + 3 KCI 

Altho ugh this eqmtio n is no t strictly correct , at this 
level it is preferable to the io ni c equati on involving 
FeCNS2+. 

Alterin g th e temperature using ice -water o r ho t 
watcr will change the positio n o f cquilibrium 
and illu strate its depend ence o n the exothermic 
o r end oth ermic nature of th e reactio n. Similarly, 
changin g th e pressure by compressing a sample o f 
the equilibrium mi xture in a gas syringe will also 
m ove the positio n o f equilibrium. 

• NH 4C l ;:= NH 3 + H C l 

H eat amm o nium chlo rid e to show the influence o f 
tempcraturc o n the positio n o f equilibrium. 



Water 
• Tests to show the presence of water ll sing cobalt 

chloride paper and anhydrous copper(n) sulfate. 
• Tests to show that water is pure: it melts at 0 °C o r 

boils at l 00 °C. 

Hardness in water 

• Standard experiments with permanently and 
temporarily hard water. Measure the number of 
drops of soap solution needed to fo rm a permanent 
lather in 10 cm 3 samples of both types of hard water. 
Bo il both types and allow to cool. Then measure the 
number of d rops of soap solution needed to produce 
a perm anent lather in 10cm3 samples of the treated 
samples of hard water. The study can be extended 
to include the addition of sodium carbonate and 
treatment with ion exchange resins. 

• Compare soap and soapkss detergents. Add soap 
solution dropwise with sluicing to samples of hard 
and soft water. Repeat using a soapless detergent. 

Chapter 12 Sulfur 

Sulfur and sulfur compounds 
• Burn sulfur in air or oxygen. Show that an acidic 

gas is formed. 
• Fo rmation of metal sulfides . Demonstrate tl1e 

reactions of sulfur with iron, zinc and magnesium -
care is needed. 

• Preparation of sulfur tri oxide. Pass dry oxygen 
and sulfur diox ide over heated platinised mineral 
wool. Collect sulfur tri oxide as a solid in a cooled 
receiver. 

• Reaction of sulfur triox ide with water - care is 
needed. Test the solution to show that it is acidic 
(using bo th universal indicator and magnesium 
powder), and th at it contains sulfate ions (by 
adding acidified barium chloride solution). 

Dilute sulfuric acid 
• Reaction with magnesillm and zinc. R 
• Reaction with bases - C uO and NaOH(aq ). 
• Reaction with carbonates - NiC03, CoC03 and 

Na2C03'aq). 
• Precipitation of insoluble sulfates o f barium, lead 

and calcium. 

Suggestions for practical work and assessment 

• Preparatio n of sodium sulfate-10-water by titration. 
Use the same method as on p. 124, using dilute 
sulfuric acid and dilute aqueous sodium hydroxide. 

• Preparatio n of sodium hydrogensulfate by titration. 
Use the resul ts from th e previous exercise but add 
double th e titre o f acid to the same volllme of 
alkali. 

• Comparison of the salts sodium sulfate and sodillm 
hydrogensulfate . Compare their crystal shapes . 
Measure the pH of their aqueous solutions. Add 
magnesium powder to both salts in solution. Add 
excess dilute hydrochloric acid and barillm chloride 
solution to both solutions. 

Concentrated sulfuric acid 
• Reacti ons with copper(11 ) sulfate-5-water and sugar. 
• Oxidation of metals, such as copper. 
• Make nitric acid and sulfuric acid. 

Chapter 13 Inorganic carbon 
chemistry 

Carbonates 
• Heat a piece of calcium carbonate. Allow it to 

cool and carefully add water dropwise. Then add 
excess water and filter. Keep th e filtrate, a solution 
of calcium hydrox ide. Make carbon dioxide by 
adding an acid to calcium carbonate. Bubble 
this gas th rough the previo llsly prepared calcium 
hydroxide solution until no further change is 
observed. Boi l th e resulting so llltio n of calcium 
hydrogenca rbonate. 

• Action of heat, if any, on sodillm , zinc and copper 
carbonates. 

• Reaction of acids with a selection of carbonates. 
• Formati on of inso lu ble carbonates by precipitation. 

Add aqueous sodium carbonate to solutions of 
copper sulfate, calcillm chloride and nickel sulfate. 

Carbon dioxide 
• Laboratory preparation of carbon dioxide and its 

properties (Figure 13. 16, p. 2 14). 
• Demonstrate that carbo n and carbon-containin g 

compounds fo rm carbon diox ide on combustion. 
Burn a variety of materials and test for carbon 
dioxide with limcwater. Suitable materials arc a 
candle, wood shavings, charcoal, paraffin etc. 
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Chapter 14 Organic chemistry 1 
• Dem onstrate combll stion o f some alkan cs. U se a 

Bunsen b urner to show co mp lete and incomplete 
combustio n o f m ethan e. Burn a range o f alkancs to 
show the varia tio n in case o f igniti o n - pcntan c and 
hexane arc highly flammable but liquid paraffin and 
paraffin wax need pre-heating and/or a wick. 

• Reactio n o f alkcncs with bromine. 
• Cracking of alkancs as descri bed in the text 

(Figm e 14.11 , p. 224). 
• Test fo r un saturatio n using bromine in a suitable 

solvent (Figure 14.1 3, p. 225 ). 
• D em onstration o f th crmosoftcnin g and 

th ermosetting plastics. H eat sm all samples o f 
poly(cthenc) and melamine. 

Chapter 15 Organic chemistry 2 

Ethanol 
• Combustio n o f ethano l in a sm all spirit lamp to 

dem onstrate that it burns with a sm all blm: fl ame . 
• Add ethano l to water to show that the two liquids 

arc miscible . 
• Show examples o f eth ano l as a solvent. 
• Oxidation o f ethano l by th e air. Use a water pump 

to bubble air th roug h dilute aqueous ethano l. R 
• Add eth ano l d ropwisc to a warm mixture o f 

potassium dich romatc(VI ) and dilute sulforic acid. R 
• Formation o f esters using eth ano l and higher 

alcoho ls. Mix 1 cm 3 o f ethano l and 1 cm 3 o f glacial 
cthano ic acid. Add 2 d rops o f concentrated sulfuric 
acid and warm th e mixture fo r a few minutes. Then 
pour the mixture into a beaker o f cold water. The 
distinctive smell o f an ester can be detected. Repeat 
th e procedure using higher alco ho ls - p ropano l, 
butano l and pentano l. 

• Making ethano l by ferm entatio n (Figure 15.8 , 
p. 236). 

• Fractio nal distillatio n o f a mixture o f water and 
ethano l, usin g the apparatus shown in Fig ure 2.22 
(p. 21 ). N o te that this procedure may be illegal in 
som e countri es. 

Ethanoic acid 
• Show th at ethanoic acid is an acid. 

• Reactio n with m etals - mag nesium and zinc 
powders. 

• Reactio n with carbo nates - aqu eous sodium 
carbo nate and copper(n ) carbo nate. 

• Reactio n with bases - sodium hyd roxid e 
solutio n , coppcr(11 ) oxide and magnesium oxide. 

• Reactio n with an indicator - litmus. 
• Show that cthanoic acid is a weak acid - a 

comparative study with hyd rochlo ric acid. 
• Measure the pH o fO .l m o l dm-3 so lutio ns o f 

bo th acids. 
• M easure th e conductivity o f 0.1 m o l dm-3 

solutio ns o f bo th acids. 
• M easure the time taken for a short len gth o f 

magnesium ribbon to react with 1.0 m ol dm-3 

solutio ns o f bo th acids. 
• Formatio n o f esters (p. 237). 

Soaps and detergents 
• Making soap from vegetable oil and alkali. Bo il a 

vegetable o il or animal fat with aqu eous sodium 
hyd roxide . Cool and add salt to precipitate the 
soa p. 

• Preparatio n o f a soapless detergent fro m a 
vegetable o il. 

Amino acids 
• Id entificatio n o f amino acids by ch romatography. 

U se a 4 : I : 2 mixture o fbutan o l, ethan o ic acid 
and water as a so lvent. Dry the ch romatogram and 
develop with a ninhydrin spray. 

• Biurct test fo r proteins. Warm the sample in water, 
add concentrated sodium hyd roxide solutio n and a 
d rop o f very dilute coppcr(n ) sulfatc solutio n. 

Plastics and polymers 
• The ' nylo n rope trick' . The diamine, 

1,6-diamino hcxanc, is dissolved in water to 
which some sodium carbo nate has been added. A 
solution of a diacid chlo ride, adipoyl chl oride, in 
cycl o hcxanc is add ed and a nylo n thread can be 
pulled fro m the interface between the two phases. 

• Making a solid foam. The ingredients fo r m aking 
a po lyurethan e foam can be purchased as a 
dem o nstratio n kit. 

Starch and glucose 
• Tests fo r starch and g lucose . Test fo r starch 

using dilute aqu eous iodine and for glu cose with 
Fchling's solutio n o r Benedict 's reagent. 

• H yd rolysis o f starch (p . 242 ). Use the tests above 
to show that glu cose is fo rmed and starch is used 
up when aqu eous starch is bo iled with dilute 
hyd rochloric acid. 



• Notes on qualitative 
analysis 

The branch of chemistry that deals with the 
identification of elements o r grouping of elements 
present in a sample is called qualitative chemical 
analysis , or qualitative analysis for short . It docs 
not deal with an ything to do with quantities . 

The techniques employed in qualitative analysis 
vary in their complexity, depending on th e nature 
of the sample under investigation . ln some cases it 
is only necessary to confirm the presence of certain 
elements o r groups fo r which specific chemical tests, 
or 'spot ' tests, applicable directly to the sample, may 
be available . More often, th e sample is a complex 
mixture, and a systematic analysis must be made in 
order that all th e component parts may be identified. 
Often, th e first simple stages of qualitative analysis 
require no apparatus at all. Things like colour 
and smell can be observed without any need fo r 
apparatus. 

The fo llowing summary collects together 
information from th roughout th e book which would 
all ow you to carry out qualitative analysis. 

Appea rance or smell 
A preliminar y examinatio n of the substance will g ive 
you a start. The appearance o r smell o f a substance 
can often indicate what it might contain (sec 
T,bk 16.1 ). 

Table 16.1 Deductions that can be made from a !;Ubstance's appearance 
or smell. 

Observation on substance Ind ication 

Black powder 

Pale green crystals 

Dark green crystals 

Blue or blue-green crystals 

Yelk:rw-browncrystals 

Smell of ammonia 

Carbon, or conta ins 0 2- ions (as in 
CuO), ors1- ions(as inCuS) 

ContainsFe2-+ ions(asiniron(1)salts) 

ContainsNi2+ions(as innickel(1) 
salts) 

Contains Cu1+ ions (as in copper{1) 
salts) 

ContainsFe* ions(asiniron(1)salts) 

Contains NH/ ions (as in ammonium 
salts) 

Notes on qualitative analysis 

Flame co lours 
If a clean nichrome wire is dipped into a metal 
compound and the n held in the ho t part o f a 
Bunsen flame, the flame can beco me coloured 
(Figure 16 .3 ). Certain metal ions may be detected 
in their compounds by o bserving their flame colours 
(T,blc 16.2). 

Figure 16.3 Thegreencolourischaracteristicofcopper. 

Table 16.2 Characterist ic flame colours of some metal ions. 

Meta l Flame colour 

Group I Lithium Crimson 

Sodium Golden yellow 

Potassium Lilac 

Rubidium Red 

Caesium Blue 

Group II Calcium Brick red 

Strontium Crimson 

Barium Apple green 

Others Lead Blue-white 

Copper (as Cu(1)) G=o 
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A flame colo ur is o btained as a result of the electro ns 
in the particular io ns being excited when they absorb 
energy from the fb.mc which is then emitted as visible 
light. The different elect ronic structures o f the different 
io ns, therefore, give rise to the diftCrcnt colo urs. 

Tests for aqueous cations 
Effect of adding dilute sodium hydroxide 
solution 
Aqueous sodium hydroxide can be used to identi fy 
salts o f AI3+ Ca2+ Cr3+ Cu2+ Fc2+ Fc3+ Pb2+ and 
Zn2+ when ~rcsc,;t in a~ucou: solL1~i o ns.' All m etal 
cations fo rm insoluble hydroxides when sodium 
hydroxide so lution is add ed to them. The colour of 
the precipitate and its behaviour in excess sodium 
hydroxide so lutio n will help identify the metal 
present (Table 16 .3). 

Table 16.3 Effect of adding sodium hydroxide solution to solutions 
containing various metal ions. 

Added dropwise To excess Likely cation 

White precipitate Precipitate dissolves A13+,zn2+orPb2+ 

White precipitate Precipitate does not Ca2+ 

dissolve 

Blue precipitate Precipitate does not cu2+ 
dissolve 

Green precipitate Precipitate does not ,,,. 
dissolve 

Brovvnprecipitate Precipitate does not ,,,. 
dissolve 

Light green Precipitate dissolves CrJ+ 

precipitate 

( In the case o f ammo nium salts, ammo nia gas is 
p roduced o n warming. The ammo nium cati o n docs 
not fo rm an insoluble hydroxide. H owever, it fo rm s 
ammo nia and water upon heatin g .) 

Effect of adding dilute ammonia solution 
Ammo nia gas dissolved in water is usually known 
as aqueous ammonia. The solutio n is only weakly 
alkalin e, which results in a relatively low concentratio n 
o f hyd roxid e io ns. Aqueous ammo nia can be used 
to identify salts o f AJ 3+ Ca1+ Cr3+ Cu1+ Fe1+ Fe3+ 

Pb1+ and Zn1+ io ns. Tl~e col~ur o f· the p'recipi~atc ' 
or solutio n fo rmed identifies the m eta.I present 
(T, bk 16.4 ). 

Table 16.4 Effect of adding aqueous ammonia to solutions containing 
various metal ions. 

Addeddropwise To excess Cation present 

Gelatinous blue Precipitate dissolves to give cu2+ 
precipitate adeepblueclearsolution 

Dirty green precipitate Precipitate does not dissolve ,,,. 
Rustbrovvn Precipitate does not dissolve Fe* 
precipitate 

White precipitate Precipitate does not dissolve Al* 

White precipita te Precipitate dissolves zn2+ 

No precipitate No precipitate Cal+ 

Light green Precipitate dissolves to c,* 
precipitate 

Tests for aqueous anions 
Table 16 .5 shows a variety o f tests fo r aqu eous 
ani ons. 

Table 16.5 Tests for aqueous anions. 

Anion Test Test result 

Carbonate(co/ - ) Add dilute acid Effervescence,carbon 
dioxide produced 

Chloride(CI- ) Acidifywithdilute White ppt. 
[in solution) nitricacid,thenadd 

aqueous silver nitrate 

Bromide{Bo) Acidifywithdilu te Creamppt . 
[in solution) nitricacid,thenadd 

aqueous silver nitrate 

lodide(I-) Acidifywithdilu te Yellowppt. 
[in solution) nitricacid,thenadd 

aqueous silver nitrate 

Nitrate(N03-) Add aqueous sodium Ammonia produced 
[in solution) hydroxide, then 

aluminiumfoil;warm 
carefully 

Sulfate{so/-J Acidify,thenadd Whiteppt. 
[in solution) aqueous barium 

nitrate or barium 
chloride 

Sulfite(so/- ) Add dilute Sulfurdioxide 
hydrochloric acid, produced will 
warm gently and test turn acidified 
for the presence of aqueous potassium 
sulfurdioxide manganate(vw)from 

purple to colourless 



Tests for gases 
Table 16.6 shows the commo n gases which may be 
produced d uring q ualitative analysis and tests which 
can be used to idcntif)1 them. These tests arc used in 
conjun ctio n with the tests shown above. 

Table 16.6 Tests for gases. 

Notes on qualitative analysis 

Gas Colour(odour) Effect of moist indicator paper Test 

Hydrogen (H1) Colourless (odourless) No effect - neutral 

Oxygen (02) Colourless (odourless) No effect - neutral 

Carbon dioxide (C01) Colourless (odourless) Pink - weakly acidic 

Ammonia (NH3) Colourless (very pungent smell} Blue - alkal ine 

Sulfur dioxide (SO) Colourless (very choking smell) Red - acidic 

'Pops' inthepresenceofalightedsplint 

Relights a glowing splint 

Turns limewater a cloudy white 

Turns moist indicator paper blue - it is the only 
alkaline gas 

• Tums acidified potassium dichromate(~) from 
orange to green 

• Tums acidified potassium manganate(w) from 
purple to colourless 

Chlorine(Cl1) Yellow-green (very choking smell) Bleaches moist indicator paper Bleaches moist indicator paper 

Nitrogen(1V) oxide (N01) Brown (very choking smell) 

Colourless(odourless) 

Questions to help your 
understanding 

afterit initiallytumspalepink 

Pink-weakly acidic 

No effect-neutral 

1 For each of the following pairs of substances, describe a 
chemical test you would carry out to distinguish between 
them. 
a potassium sulfate and potassium sulfite 
b ammonium chloride and aluminium chloride 
c zinc nitrate and calcium nitrate 
d sodium chloride and sodium iodide 
e iron(•) sulfate and copper(u) sulfate 

2 Sodium carbonate hydrate contains water of crystallisation. 
When it is heated strongly it gives off the water of 
crystallisation, which can be collected. 
a The substance left behind is anhydrous sodium sulfate. 

Describe a chemical test to show that this substance 
contains sodium (cation) and carbonate (anion). 

b Describe two chemical tests to show that the colourless 
liquid produced and collected is indeed water. 

c Describe another test to show that the colourless liquid 
given off in this experiment is water. 

• Brown colour 

• Tumsmoistindicatorpaperpink 

• Tumsbluecobaltchloridepaperpink 

• Tums anhydrous copper(1) sulfate from white 
to blue 



Q Revision and exam-style questions 

Do not write in this book. \Vhcrc necessary copy 
drawings, tables or sentences. 

• Alternative to 
practical paper 

1 A student investigated the reaction of aqueous 
sodium hydroxide with two diffCrcnt acids, acid C 
and acid D. 
Two experiments were carried out. 
.Experiment 1 
By using a measuring cylinder, 20cm3 of aqueous 
sodium hydroxide was poured into a conical flask and 
the initial tcmpcranm:: of the solution was measured. 
A burettc was filled with acid Cup to the O.Ocm3 mark. 
5 cm3 of acid C was added to the sodium 
hydroxide in the flask. The temperature of the 
mixture was measured. 
Further 5 cm3 portions of acid C were added to the 
mixture in the flask, stirring with the thermometer 
until a total volume of 30 cm 3 of acid Chad been 
added. The temperatures after each 5 cm3 portion 
had been added were measured. 
a Use the thermometer diagrams to record the 

temperatures in the table of results. 

Table of remits 

Volume of acid C Thermometer Temperature/"( 
added/cml diag rams 

0 I~:: 
5 I~:: 

10 I ij:: 
15 I ~I: 
20 I~:: 

Volume of acid C Thermometer Temperature/"( 
added/cm3 diagrams 

25 I~~:: 
30 I~:: 

Experiment 2 
The burette was emptied and rinsed with water. 
Experiment l was repeated using acid D. 
b Use the thermometer diagrams to record the 

temperatures in the table of results. 

Tnbleofresu/ts 

Vo lume of acid D Thermometer Temperature/"( 
added/cm3 diagrams 

0 I~:: 
5 I iji: 

10 I~:: 
15 I~:: 
20 I~[ 
25 I~:: 
30 I~:: 

[2] 

[2] 



Alternative to practical paper 

c Plo t the results for Experiments l and 2 on the 2 Solid E was analysed. E was an aluminium salt. 
g rid and draw two smooth line graph s. Clearly The tests on the solid and some of th e observations 
label your graphs. arc in the following table . Complete the 

observatio ns in the table. 

30 

10 

Tests Observations 

Tests on solid.E. 

a Appearance of solid E white crystalline solid 

b A little of solid E was heated in colourless drops of liquid formed 
a test-tube. at the top of the tube 

c A little of solid E was dissolved 
in distilled water. 
The solution was divided 
intofourtest-tubesandthe 
following tests were carried out. 

(i) To the first test-tube of 
solut ion, drops of aqueous 
sodium hydroxide were added. 
Excess sodium hydroxide was 
then added to the test-tube. 

(ii)Test(i)wasrepeatedusing 
aqueous ammonia solution 
instead of aqueous sodium 
hydroxide. 

[3) 

[2) 

(i ii) To the third test-tube of no reaction 
solut ion,dilutehydrochloric 
acid was added, followed by 
barium chloride solution. 

(iv)Tothefourth test-tube of 
solution,aqueoussodium 

effervescent pungent gas given 
off turned damp litmus paper blue 0 

0 10 15 20 25 
volume of acid added/c m 3 

30 hydroxide and aluminium 
powder were added. 

[6] 
d From your g raph , dedu ce the temperature of 

th e mixture when 3 cm 3 of acid C reacted with 
sodium hydroxide in Experiment l. 
Show clearly on the graph how you worked out 
your answer. [2 J 

e (i) Which experim ent produced the larger 
temperature chan ge? 

(ii) Suggest why th e temperature chan ge is 
g reater in this experiment. 

f Why was the burcttc rin sed with water in 

[ l ] 

[2] 

Experim ent 2? [ l ] 
g Predict the temperature of th e reaction mixture 

in Experiment 2 after l hour. Explain your 
[2] 

[Total: 18] 
(Cambridge /GCSE Chemistry 0620 Paper 61 

Q4June2010) 

The mixture was heated. 

d What docs test (b) tell you about solid E ? [ l J 
e ldcntifythegasgiven off intest(c)(iv). [l] 
f VVhat conclusions can you draw about 

solid E ? [2] 
{Total: 9/ 

(Cambridge /GCSE Chemistry 0620 Paper 61 
Q5 June 201 O) 

3 H ydrated co balt chlo ride crystals, CoC12 .6H2 0 , 
were heated in the apparah1s shown below. 

w 



REVISION AND EXAM-STYLE QUESTIONS 

a Ind icate o n the d iagram, using an arrow, 
where heat is applied . [ l ] 

b The crystals change colo ur from __ to 

c What is the purpose o f tlu:: ice? 
d Why is the tube o pen at point W ? 

[ l ] 
[ l ] 
[ l ] 

[Total: 4} 
(Cambridge !GCSE Chemistf'f 0620 Paper 61 

Q6 June 2010) 

4 Malachite is a naturally occurrin g fo rm o f copper 
carbonate. O utlin e how a sample o f copper metal 
could be o btained from large lumps of malachite in 
th e laboratory. 
Copper is o ne o f the least reactive m etals. Yo ur 
answer should include any chemicals used and 
conditions. [ 6] 

[Total: 6} 
(Cambridge !GCSE Chemistf'f 0620 Paper 61 

Ql June 2010) 

5 Ethcnc can be prepared by passing ethano l vapour 
over ho t aluminium oxide. 

ethene 

mineral wool 

a Com plete the boxes to show the 
chemicals used . 

b Show o n the diagram with two arrows 
[ l ] 

where the heat is applied . [2 ] 
c Why must the delivery tu be be rem oved fro m 

the water before th e heating is sto pped? [2] 
(Total: S} 

(Cambridge !GCSE Chemistry 0620 Paper 61 
Q1 November 2010) 

6 The fo llowing in stru ctio ns were used to prepare 
magnesium sulfate crystals, M gS04 .7H 20. 
Step 1 Measure 50 cm 3 o f dilute sulfori c acid into 
a beaker and warm the solutio n. 
Step 2 Using a spatula , add som e magnesium 
oxide and stir the mixture. Continu e adding the 
magnesium oxide until excess is present. 
Step 3 Separate the excess magnesium oxide fro m 
the solutio n o f magnesium sulfate. 
Step 4 H eat th e solution until crystals fo rm. 
Obtain the crystals and dry them . 
a Why is the sulfuric acid warmed ? [ 1] 
b H ow would you know when excess magnesium 

oxide is present in Step 2 ? [ 1] 
c What metho d is used in Step 3 1 [ 1] 
d Why must care be taken when drying the crystals 

inStep4? [ l ] 
e Explain how th e m ethod would differ if 

magnesium carbo nate was used instead o f 
magnesium oxide. [2] 

(Total: 6} 

(Cambridge /GCSE Chemistry 0620 Paper 61 
Q2 November 2010) 

7 A concentrated solutio n o f sodium chlo rid e was 
electrolysed usin g th e apparatu s below. 

positive 
electrode 

negative 
electrode 

concentrated 
aqueous sodium chloride 
and Universal Indicator 

One o bservati o n no ted was that the Universal 
Indicator turned pmplc at th e negative electrode. 
a What o bservatio n would be mad e at both 

elect rodes? [ l ] 
b Why did the indicato r turn purpl e at the negative 

elect rode? [ 1] 
c (i) N am e the product fo rmed at the positive 

electrode. [ 1] 
(ii ) Suggest th e effect o f this product on the 

Universal Indicato r. [ l ] 
(Total: 4} 

(Cambridge /GCSE Chemistry 0620 Paper 61 
Q6 November 2010) 



8 E nllmbcrs idcnti f)1 chemicals which a.re add ed to 
foods . 
a E2 10 is bcnzoic acid. H ow could yoll show 

that a sollltion of bcnzoic acid is a weak acid? 
test 
result [2] 

b E2 l l is sodillm benzoatc. Name a suitable 
substance that would react with a so lution of 
benzoic acid to fo rm sodium bcnzoatc. [ 1] 

c El 10 is Sunset Yel low. O utlin e a method you 
could use to show the presence of E 11 0 in a 
food colouring. A space has been left if you 
want to d raw a diagram to help answer tl1c 
question . [4 ] 

(rota/: 7/ 
(Cambridge /GCSE Chemistry 0620 Paper 61 

07 November 2010) 

9 Describe a chemical test to di stinguish between 
each of tl1e fo llowing pairs o f substances. 
An example is g iven. 
Example: hydrogen and carbon dioxide 
test lighted splint 
result with hydrogen gives a pop 
result with carbon d ioxide splint is extinguished 
a zinc carbonate and zinc chlo ride 

test 
result witl1 zinc carbonate 
result witl1 zinc chlo ride 

b ammonia and chl o rine 
[2] 

test 
result witl1 ammo ni a 
result witl1 chlo rine [3] 

c aqueous iron(n) sul fu. tc and aq ueous iron(m ) 
sul fa te 
test 
result witl1 aqueous iron(n) sulfa tc __ 
result witl1 aqu eous iron(m ) sulfa te __ [3] 

(rota/: 8/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

03 June 2009) 

10 Two solids, S and V, were analysed. S was 
coppcr(n) oxide. 
The tests on th e solids, and some of tl1e 
observations, arc in the fo llowing table. 
Complete the observati ons in tl1e table. Do not 
write any conclusions in tl1c table. 

Alternative to practical paper 

Test Observat ion 

Test s on solid .S. 

a Appearance of solid S black solid 

b Hydrogen peroxide was added slow effervescence 
to solid S in a test-tube. 

Aglowingsplint wasinserted spl int relit 
into the tube. 

c Dilutesulfuricacid w asadded blue solution formed 
to solid Sin a test-tube. The 
mixture was heated to boiling 
point . 

Thesolution wasdividedinto 
threeequalportionsintotest-
tubes. 

(i) To the f irst portion of the [1[ 
solut ion,excesssodium 
hydroxide w as added. 

(i i) Tothesecondportionofthe [2[ 
solution,about lcmofaqueous 
ammonia solution was added. 

Excess ammonia solution was [2[ 

then added. 

(i ii) Tothethirdportionofthe [2[ 

solut ion, dilute hydrochloric 
acid was added folkmed by 
barium chloride solution. 

Test s on solid V 

d Appearance of solid V black solid 

e Hydrogen peroxide w as added rapid effervescence 
tosolid V inatest-tube. 

Aglow ingsplintwasinserted spl int relit 
into the tube. 

f (i) Compare tl1c reactivity of soli d S and 
solid V with hydrogen perox ide. [ l ] 

(ii) Identify the gas given off in test (e). [ l ] 
g VVhat conclusions can you d raw about 

solid V1 [2] 
(rota/: 11/ 

(Cambridge /GCSE Chemistry 0620 Paper 06 
05 June 2009) 

11 Acid base ind icators 
Indicators are used to identify acids and bases . 
Ind icators can be obtained from berri es and oth er 
fruits. 
a Plan an experiment to obtain an aq LJ cous 

solution ofan indicator from some be rries . [3] 
b Plan an experiment to use the indicato r 

solution to show that it is an effective 
indicator. [3] 

(rota/: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

06 June 2009) 

0 



REVISION AND EXAM-STYLE QUESTIONS 

12 The apparatus below was used to make oxygen. 
The tube of manganese oxide was added to the 
hydrogen peroxide solution by releasing the 
cotton. 

a Complete the boxes to idcntif).1 the pieces of 
apparatus. [2] 

b Why was the tube of manganese oxide 
suspended in the flask? [ 1] 

c Give a test for oxygen. 
test 
result [2] 

(Total: 5/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 Q1 

November 2009) 

13 Three unlabelled bottles of chemicals each 
contained one of the following liquids: 
• sodium nitrate dissolved in water; 
• pure water; 
• hcxcnc. 
a Give a test by which you could identify sodium 

nitrate solution. 
test 
result [2] 

b Give a test by which you could identify pure 
water. 
test 
result [2] 

c Give a ti:st by which you could idmtify hexene. 
test 
result [2] 

(Total: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 Q3 

November 2009) 

14 Dilute hydrochloric acid was added to excess 
calcium carbonate in a beaker as shown. 

cottoowool 

hydrochloric calcium carbonate 
acid 

balance 

The beaker was placed on a balance and the 
mass of the beaker and contents recorded every 
minute. 
1l1e results arc shown in the table. 

Mass of beaker 184.0 178.0 175.6 174.6 174.0 174.0 
andcontents/g 

Time/min 

a Plot the results on the grid and draw a smooth 
line graph. 

[5] 
b Use your graph to determine the mass of the 

beaker and contents after 30 seconds. Show 
clearly on your graph how you worked out 
your answer. [2] 



c Why docs the mass of the beaker and contents 
decrease? [ 1] 

d Suggest the purpose of the cotton wool. [ 1] 
e After how long did the reaction finish? [ 1] 
f A second experiment was carried out using 

hydrochloric acid at a lower temperature. 
On the grid sketch a curve to show the 
expected results for this experiment. 
Label this curve C. [2] 

[Total: 12] 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q6 November 2009) 

15 Leaves from trees contain a mixture of coloured 
pigments which arc not soluble in water. A 
student was given these two instructions to 
investigate the pigments in the leaves. 
1 Crush some leaves to extract the coloured 

pigments. 
2 Use the liquid extract to find the number of 

coloured pigments in the leaves. 
a VVhat would the student need in order to 

effectively carry out instruction l? [3] 
b Describe an experiment to carry out instruction 2. 

A space has been left below if you want to draw a 
diagram to help answer the question. [ 4] 

(rota/: 7/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Ql November 2009) 

16 The diagram shows an experiment to pass 
electricity through lead bromide. Electricity has 
no effect on solid lead bromide. 

d.c. power supply 

t 
heat 

D 
LEAD 

BROMIDE 
TOXIC 

Alternative to practical paper 

a (i) Clearly label the electrodes on the 
diagram. [ 1] 

(ii) Suggest a suitable material to make the 
electrodes. [ 1] 

b Give two observations expected when the lead 
bromide is heated to melting point. [2] 

c State two different safety precautions when 
carrying out this experiment. [2] 

(rota/: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q2 June 2008) 

17 Sulfur dioxide gas is denser than air and soluble in 
water. A sample of sulfur dioxide can be prepared 
by adding dilute hydrochloric acid to sodium 
sulfite and warming the mixture. Study the 
diagram of the apparatus used. 

a Fill in the boxes to show the chemicals used. [2] 
b Show by using an arrow, on the diagram, where 

heat is applied. [l] 
c Identify and explain two mistakes in the 

diagram. [2] 
(rota/: 5/ 

(Cambridge /GCSE Chemistry 0620 Paper 06 

Q3 June 2008) 

18 A student investigated the reaction between 
potassium manganatc(v11) and a metallic salt 
solution. 
Two experiments were carried out. 
Experiment 1 
a About 1 cm3 of aqueous sodium hydroxide was 

added to a little of the salt solution A and the 
observation noted. 
observation green precipitate formed 



REVISION AND EXAM-STYLE QUESTIONS 

b A burcttc was fill ed with potassium 
m anganatc(vn) solution up to the 0.0 cm 3 mark. 
By using a measuring cylinder, 25cm 3 of 
solutio n A of the salt was placed into a conical 
flask. The flask was shaken to mix the conten ts. 
The potassium manganatc(vn ) solution was 
added to the flask, and shaken to mix thoroughly. 
Additio n o f potassium manganatc(vr1 ) solutio n 
was continu ed until there was a pale pink colour 
in the contents of the fl ask. 
Use th e burcttc d iagram to record th e volume 
in the table and complete th e column . 

fi nal reading 

Experiment2 
c Experiment lb was repeated using a d ifferent 

solutio n B o f th e salt, instead o f so lutio n A . 
Use th e burcttc di agrams to record the 
volumes in the table and co mplete the table. 

initial reading final read ing 

d About l cm 3 of aqu eous sodium hyd roxide was 
add ed to a little o f the solution in the fl ask and 
th e o bservatio n noted . 
o bservatio n red-brown precipitate 

Table of remits 
Burcttc rcadings/cm 3 

Experiment1 

Final reading 

Initial read ing 

Difference 

Experiment2 

e ( i) In which experiment was the greatest 
volume o f potassium m anganate(vn ) 

[4] 

solutio n used ? [ l J 
( ii) Compare th e volumes o f potassium 

manganate(vu ) solutio n used in 
Experiments l and 2. [2] 

( iii )Suggest an ex planatio n for the difference in 
th e volumes. [2] 

f Predict the volume of potassium 
m anganate(v11 ) solutio n whi ch would be 
needed to react completely with 50cm 3 o f 
solution B. [2] 

g Explain o ne change that could be m ade to the 
experimental m ethod to obtain more accurate 
results. 
change __ 
explanatio n__ [2] 

h What conclusio n can you draw abo ut the salt 
solution fro m 
( i) experiment la, [ l ] 
( ii) experiment 2d? [ l ] 

[Total: 15] 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q4 June 2008) 

19 This label is fro m a container o f 'Bite Relief' 
solutio n . 

BITE RELIEF 
FOR FAST RELIEF FROM INSECT BITES AND STINGS 

Active ingredient : Ammonia 
A lso contains wat er and alcoho l 

DIRECTIONS FOR USE: Use cotton wool t o dab the 
so luti on on the affect ed area of t he skin 

a Give a chemical test to show the presence o f 
ammo nia in Bite Reli ef solutio n. 
test 
result [2] 

b What practical m ethod could be used to 
separate the mi xture o f alcoho l (bp 78 °C) and 
wotcc (bp l OO "C)? [2] 



c Give a chemical test to show the presence o f 
water. 
test 
result [2] 

d What would be the effect o f to uching the 
alcoho l with a lighted splint? [ 1] 

(rota/: 7/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Ql June 2008) 

20 The colou rs present in som e blackcurrant sweets 
can be separated by chrom atography. The co lo urs 
arc water- solu ble d yes. The diagrams show how 
the colo urs can be extracted fro m the sweets. 

a Complete the empty boxes to nam e the pieces 
of apparatu s. [3] 

The apparatus below was used to carry out the 
chrom atography. 

b (i) Nam e the solvent used. [ l ] 
(ii) Label, with an arrow, the o ri gin o n the 

diagram . [ l ] 
c Sketch the ch rom atogram you would expect 

if two different colou rs were present in the 
sweets. [ l ] 

(rota/: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q1 November 2008) 

Alternative to practical paper 

21 Ethcnc gas was fo rmed by th e crackin g o f a li quid 
alkanc . The diagram shows th e apparatu s used. 

liquid alkane 
onmineral aluminium 
fibre oxide 

/ 
very strong 

heat 

a Identify two mistakes in the diagram . [2] 
b D escribe a test to show th e presence o f ethenc. 

test 
result [2] 

(rota/: 4/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q3 November 2008) 

22 An experiment was ca rri ed out to determine 
th e solubility o f po tassium chl orate at diffe rent 
temperatures. The solu b ility is the m ass of 
po tassium chl o rate that dissolves in 100 g o f 
water. The resul ts o btained arc shown in the 
tab le below. 

Temperature/"( 0 10 20 30 40 50 60 

Solubility in g/100gwater 12 17 20 24 29 34 40 

a O n the grid , d raw a smooth line g raph to show 
the solubili ty o f potassium chlo rate at different 
temperatures. [ 4 ] 

40 

t 20 

:g 
"§ 10 

0 
0 10 20 30 40 so 60 70 

temperature/"( 



REVISION AND EXAM-STYLE QUESTIONS 

b Use your graph to dctr:rminc the solubility of 
potassium chlorate at 70 °C. Show clearly on 
the graph how you obtained your answer. [2] 

c What would be the cffCct of cooling a saturated 
solution of potassium chlorate from 60 °C to 
20 "C? [2] 

(Total: 8/ 

(Cambridge /GCSE Chemistf'f 0620 Paper 06 
Q6 November 2008) 

23 A solution of magnesium sulfatc can be made by 
reacting magnesium oxide with warm sulforic 
acid. 
a Describe how you could make a solution of 

magnesium sulfatc starting with magnesium 
oxide powder and dilute sulfuric acid. [3] 

b Describe how you would obtain pure dry 
crystals of hydrated magnesium sulfatc, 
MgS04 .7H20, from the solution of 
magnesium sulfatc in a. [3] 

(Total: 6/ 
(Cambridge /GCSE Chemistf'f 0620 Paper 06 

Ql November 2008) 

24 A mixture of ethanol and water can be separated 
by fractional distillation. The apparatus below 
can be used to carry out such a separation in the 
laboratory. 

a Name each piece of apparatus. [3] 

b What is the purpose of D? [ 1] 
c How could the purity of the ethanol collected 

be checked? [ 1 J 
(Total: 5/ 

(Cambridge /GCSE Chemistry 0620 Paper 06 
Q1 June 2007) 

25 Concentrated hydrochloric acid can be 
electrolysed using the apparatus shown. 

a Label the position of the electrodes on the 
diagram. [l] 

b Give two observations when the circuit is 
switched on. [2] 

c (i) Name the product at the positive 
electrode. [ 1 J 

(ii) State a test for this product and the result 
of the test. 
test 
result [2] 

(Total: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

02 June 2007) 



26 C hromatogr.i.phy can be used to identify amino 
acids from a sample of protein. 
The diag ram shows the ch romatogram obtained 
when four samples of amino acids were analysed. 
The pa per was sprayed with ninhydrin. 

solvent front 

• 
ch romat ography 
paper 

• 

origin 

---- level of solvent 

o riginal positions of 
samples of amino acids 

a Why is the origin line drawn in pencil ? 
b Which amino acids could possibly be 

[ l ] 

thcsamd [ l ] 
c VVhich amino acid sample contains more than 

one amino acid? Explain your answer. 
sample __ 
explanation __ [2] 

d Suggest why it is necessary to spray the 
chromatogr.i.m with ninhydrin. [ l ] 

(rota/: 5/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q3 June 2007) 

27 \V:hcn cement powder is add ed to water a reacti on 
takes place. 

:i Describe an experiment to show that this 
reaction is exothermic. [ 4 J 

b H ow could you show that the solution 
co ntains calcium ions? [2] 

(rota/: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 06 

Q7 June 2007) 

Alternative to practical paper 

28 Seawater contains sodium chlo ride and o ther 
salts. 
Plan an experiment to find the mass of salts in 
1 dm 3 of seawater. 
You will be provided with a small bo ttle o f 
seawater. 
You should incl ude details o f the method and any 
apparatus used. 
(1 dm 3 = 1000cm 3 ) [6] 

(rota/: 6/ 
(Cambridge /GCSE Chemistry 0620 Paper 61 

Q6 October/November 2011) 

29 Two different salts, D and E , were analysed . 
D was an aqu eous solution ofi ron(lll ) chloride 
and E was a solid. 
The tests on the salts and some of the 
obser vations arc in the fo llowing table . 
Complete the observati ons in the table . 

Tests Observat ions 

a (i) Appearance of solid D 

(ii) Appearance of solid E w hite crystals 

Tests on solution D 

b The solution wasdividedinto 
four equal portions in test-
tubes,andthefollowingtests 
carried out. 

(i) Dilutehydrochloric acid was 
added to the first portion 
ofthesolution andthen 
aqueous barium chloride. 

(ii) Dilutenitricacidwasadded 
to the second portion and 
then aqueous silver nitrate. 

(iii) An excess of aqueous 
sodiumhydroxide was 
added to the third portion 
of the solution . 

(iv) Anexcessofaqueous 
ammonia was added to the 
fourth portion. 

Testonso lidE 

c (i) Solid Ewasheatedina limewater turned milky 
test-tube. 
Thegasgivenoff wastested . 

(ii) Dilute nitric acid was added rapid effervescence, 
to sol id E in a test-tube. limewater turned milky 

[1) 

[1) 

[2) 

[2) 

[1[ 



REVISION AND EXAM-STYLE QUESTIONS 

d Identify th e gas given off in tests (c)(i) 
and (c)(ii). [ t J • Theory 

e What conclusions can you draw abo ut 
solid E? [2] 

(rota/: 10/ 
(Cambridge /GCSE Chemistf'f 0620 Paper 63 

QS October/November 2011) 

30 Three diffCrcnt liquids P , Q and R were analysed. 
P was an aqueous solution of sulfuric acid . 
The tests o n the liquids and some of th e 
o bservatio ns arc in the followin g table. 
Complete the o bservatio ns in th e tabk. 

Tests Observations 

a (i) Appearanceof theliquids [2) 

Q colourless, smell of vinegar 

R colourless, no smell 

{ii} The pHof theliquidswas 
tested using Universal 
indicator paper. 

b A piece of magnesium ribbon 
was added to a little of each 
liquid. 
Thegasgivenoffby liquid P 
was tested. 

c Toalittleofliquid P, 
hydrochloric acid and aqueous 
barium chloride were added. 

d Liquid R was heated to boiling 
in a test-tube. A thermometer 
wasused torecordthe 
constant temperature of the 
vapour produced. 

Q pHS 

R pH7 

Q sloweffervescence 

R noreaction 

temperature= 100°( 

e What conclusions can you draw abo ut 
liquidQ? 

f Identify liquid R 

[2) 

[2) 

[2) 

[2] 
[ l ] 

(rota/: 9/ 
(Cambridge /GCSE Chemistry 0620 Paper 61 

QS October/November 2011) 

Papers 21 and 22 arc Core theory papers; Papers 3 1, 
32 and 33 arc Extended th eory papers. 

D o no t write in this boo k. Where necessary copy 
drawin gs, tables o r sentences. 

Physical 
1 The diagram below shows the elements in a period 

o f th e Periodic Table . 

I L, I ,, I B I C I N I O I F I N, I 

:i To which perio d o f the Perio dic Table do these 
elem ents belong? [ 1 J 

b Answer these qu esti ons using o nly the elements 
shown in th e diagram. Each clement can be used 
o nce, m o re than o nce or not at all. 
Write down the symbol for the clement which 
(i) has six elect rons in its o uter shell. 
(ii) is a halogen. 
(iii)is a metal which reacts rapidly with cold water. 
(iv) has two fo rms, graphite and diamo nd. 
(v) is in G roup II o f the Perio dic Table. 
(vi) makes up abo ut 80% o f the air. [6] 

c Complete the fo llowing sentence using words 
from the list below. 

:itmns electrons molecules 
neutrons protons 

The o f the elem ents in the Periodic 
Table are arran ged in order o f increasing number 
of [2] 

(rota/: 9/ 
(Cambridge /GCSE Chemistry 0620 Paper 2 1 

Q1 November 2010) 

2 Abo ut 4000 years ago the Bronze Age started in 
Britain. Bronze is an alloy o f copper and tin . 
a (i) Suggest a reason why a b ronze a.xc was 

better than a copper axe . [ 1] 
(ii) Brass is an oth er copper alloy. Name the 

oth er m etal in brass. [ 1 J 



b The diagram shows th e arrangement of particles 
in a pure metal. 

(i) What is the name given to a regular 
arrangement of particles in a crystalline 
solid> [ l ] 

(ii) Draw a diagram which shows the 
arrangement of particles in an alloy. [2] 

(iii)Explain the term ma/leablc. [ l ] 
(iv) Why arc metals malleable? [2] 

c The common ore of tin is tin (rv) oxide and an 
ore of copper is malachite, CuC03.Cu(OH)i. 
(i) Write a word equation for the reduction of 

tin(1v) oxide by carbon. [ 1] 
(ii) Malachite is heated to form copper oxide 

and two other chemicals. Name these 
chemicals. [2] 

(iii)Coppcr oxide is reduced to copper which 
is then refined by electrolysis. Label the 
diagram of the apparatus which could be 
used to refine copper. [ 3] 

power 
supply 

(iv) Give one use of copper, other than making 
alloys. [ l ] 

[Total: 15] 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q2 November 201 OJ 

Theory 

3 Soluble salts can be made using a base and an acid. 
a Complete this method of preparing dry crystals 

of the soluble salt cobalt(n) chloridc-6-water 
from the insoluble base cobalt(n ) carbonate. 
Step 1 Add an excess of cobalt(n) carbonate to 
hot dilute hydrochloric acid. 
Step 2 
Step 3 
Step 4 [4] 

b 6.0g of cobalt(n) carbonate was added to 40cm3 

of hydrochloric acid, concentration 2.0moJ/dm3 . 

Calculate the ma..'l;:imum yield of cobalt(n) 
chloride-6-watcr and show that the cobalt(n) 
carbonate was in excess. 

CoC03 + 2HCl-----+ CoC~ + C02 + H 20 

CoCt, + 6H 20 - CoCt,.6H 20 

Maximum yield 
Number of moles of H Cl used= 
Number of moles of CoC12 formed = __ 
Number of moles ofCoC12.6H 20 formed 

Mass of one mole ofCoC12 .6H2 0 = 238g 
Maximum yield ofCoC12 .6H 20 = __ g [4] 
To show that cobalt(n) carbonate is in excess 
Number of moles of H Cl used= __ (use 
value from above ) 
Mass of one mole of CoC03 = 119 g 
Number of moles of CoC03 in 6.0 g of 
cobalt(n ) carbonate = __ [ l ] 

Explain why cobalt(11 ) carbonate is in excess. [ l ] 
[Total: 10] 

(Cambridge /GCSE Chemistry 0620 Paper 31 
QB November 201 OJ 

4 The list describes five types of chemical structures. 

giant covalent 
giant ionic 

metallic 
simple atomic 

simple molecular 

a The diagrams below show four types of chemical 
structures. 

A 



REVISION AND EXAM-STYLE QUESTIONS 

(i) Use the li st to match these structures with 
the diagrams. 
Structure A is 
Structure B is 
Structure C is 
Structure D is 

[ l ] 
[ l ] 
[ l ] 
[ l ] 

(ii) Which two of the structurt:sA, B , C and D 
have low melting points? [ I ] 

b Sodium ch loride is an ionic solid. Complete the 
following sentences using words from the list. 

electrons ionic molecular molten solid 

Sodium ch loride docs not conduct electricity 
when it is a because the ions cannot 
move. When it is sodium chloride docs 
conduct electricity because the ions arc fo::c to 

[2] 
(Total: 7/ 

(Cambridge /GCSE Chemistf'f 0620 Paper 22 
Q2 June2010) 

5 A diagram of the apparatus which cou ld be used to 
investigate the rate of reaction between magnesium 
;md an excess of an acid is drawn below. 

volume of hydrogen 
measured every 

15seconds 

110 cm3 ofacid 
1.0mol/dm3 (excess) 

hydrogen collects 

graduated tube 

small piece of 
magnesium 

a The magnesium kept rising to th e surface. In 
one experiment, this was prevented by twisting 
the magnesium around a piece of copper. ln a 
second experiment, the magnesium was hdd 
down by a plastic net fastened to the beaker. 
(i) Suggest a reason why magnesium, which is 

denser than water, floated to the surface. [ 1] 
(ii) I ron, zinc and copper have similar densities. 

Why was copper a better choice than iron or 
zinc to weigh down the magnesium? [ 1] 

b The only difference in the two experiments was 
the method used to hold down the magnesium. 
The results arc shown. 

magnesium held 
down by plastic 

time/s 

(i) In which experiment did the magnesium 
react faster? [ l ] 

(ii) Suggest a reason why the experiment chosen 
in (i) had the faster rate. [ l ] 

c The experiment was repeated using l .OmoJ/dm3 

propanoic acid instead of l.OmoJ/dm3 

hydrochloric acid. Propanoic acid is a weak acid. 
(i) H ow would the graph for propanoic acid 

differ from the graph for hydrochloric 
acid? [ l ] 

(ii) H ow would the graph for propanoic acid be 
the same as the graph for hydrochloric 
acid? [ l ] 

d Give two factors which would alter the rate of 
this reaction. For each factor explain why it alters 
the rate. [4] 

[Total: 10] 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q3 June2010) 

6 Iodine reacts with chlorine to form dark brown 
iodine monochloride. 

12 + c1,_ -21c, 

This reacts with more chlorine to give yellow 
iodine trichloridc. There is an equilibrium between 
these iodine chlorides . 

IC/(!) + Ci,(g) ;=: IC/3(s) 

a Explain what is meant by equilibrium. [2] 
b When the equilibrium mixture is heated it 

becomes a darker brown colour. Is th e reverse 
reaction endothermic or exothermic? Give a 
reason for your choice. [2] 



c The pressure on the equilibrium mixture is 
decreased. 
( i) How would this affect the position of 

equilibrium and why? 
It would move to the 

(ii) Describe who.t you would observe. 

[l] 
[l] 
[l] 

{Total: 7/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q6 June 201 O) 

7 Some grass is crushed and mixed with the solvent, 
propanone. The colour pigments arc extracted to 
give a deep green solution. 
a (i) Dro.w a labelled dio.gram to describe how 

you could show that there is more than one 
coloured pigment in the green solution. [3] 

(ii) Given a pure sample of chlorophyll, how 
could you show that the green solution from 
the grass contained chlorophyll? [2] 

b Explain the role of chlorophyll in green 
plants. [3] 

{Total: 8/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q1 June 2009) 

8 The following is a list of the electron distributions 
of o.toms of unknown elements. 

Element Electron distribution 

A 2,5 

2,8,4 

2,8,8,2 

2,8,18,8 

2,8,18,8,1 

2,8,18,18,7 

a Choose an clement from the list for each of the 
following descriptions. 
( i) It is a noble gas. 
(ii) It is a soft metal with a low density. 
(iii)It can form a covalent compound with 

element A. 
(iv) It ho.s a gio.nt covalent structure similar to 

diamond. 
(v) It can form a negative ion of the type X3- . 

[5] 
b Elements C and F can form an ionic compound. 

(i) Draw a diagram that shows the formula of 
this compound, the charges on the ions and 
the arrangement of the valency electrons 

Theory 

around the negative ion. 
Use o to represent an electron from an 
atom of C. 
Use x to represent an electron from an atom 
of F. [3] 

(ii) Predict two properties of this 
compound. [2] 

{Total: 10/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q3 June 2009) 

9 Quantities of chemicals, expressed in moles, can be 
used to find the formula of a compound, to establish 
an equation and to determine reacting masses. 
a A compound contains 72% magnesium and 28% 

nitrogen. What is its empirical formula? [2] 
b A compound contains only aluminium and 

carbon. 0.03 moles of this compound reacted 
with excess water to form 0.12 moles of 
Al(OHh and 0.09 moles ofCH4 . 

Write a balanced equation for this reaction. [2] 
c 0.07 moles of silicon reacts with 25g of bromine. 

Si + 2Br2 ---> SiBr4 

(i) Which one is the limiting reagent? Explain 
your choice. [ 3 J 

(ii) HowmanymolcsofSiBr4 areformed? [l] 
{Total: 8/ 

(Cambridge /GCSE Chemistry 0620 Paper 31 

Q9 June 2009) 

10 a Link the terms in the boxes on the left with the 
definitions on the right. The first one has been 
done for you. [4] 

a substance containing 
different atoms or ions 

bonded together 

a substance made up of 
one type of atom 

thesmallestpartofan 
element which takes part 

in a chemical reaction 

the smallest group of 
covalently bonded atoms 
whichcanexistonitsown 

a charged atom or group 
of atoms 



REVISION AND EXAM-STYLE QUESTIONS 

b Which two of the following arc mixturcs1 
Tick two boxes. 
air D 
graphite D 
sodium chloride D 
steel D 

[ l ] 
c (i) Draw a labelled diagram to show the 

atomic structure ofan atom of helium. In 
your diagram include the structure of the 
nucleus. [ 4] 

(ii) State a use for helium. [ 1] 
(iii)Which one of these statements about 

helium is correct? [ l ] 

helium is in Period 2 of the 
Periodic Table D 
helium is a liquid at room temperature D 
helium is unrcactivc D 
helium has an incomplete outer 
shell of electrons D 

[ l ] 
(rota/: 11] 

(Cambridge /GCSE Chemistry 0620 Paper 02 
Q2 November 2009) 

11 A student used the apparatus shown to calculate 
the energy released when ethanol burns. 

thermometer 

poly(ethene) lid -...,~---++--~ 

clamp 

copper 
calorimeter 

ethanol 

a Draw the structure of ethanol showing all 
atoms and bonds. [ 1] 

b The energy released by the burning ethanol 
raises the temperature of the water in the 
copper calorimeter. 
(i) Which one of these words best describes 

the energy change when ethanol burns? 
Put a ring around the correct answer. 

electrolytic electronic endothermic 
exothermic [ 1 J 

(ii) When 4.6g of ethanol is burnt, 5.4 g of 
water is formed. Calculate the mass of 
water formed when 13.S g of ethanol is 
burnt. [ l ] 

(iii)Compkte the equation for the combustion 
of ethanol. 

c The calorimeter is made of copper. Copper is 
a transition metal. State two properties which 
distinguish transition metals from Group I 
metals. [2] 

d \iVhen copper is left exposed to the air for some 
time, a coating of copper carbonate forms on 
its surface. The equation shows how copper 
carbonate reacts with hydrochloric acid. 

CuC03( , ) + 2Hq,q) - CuC~(,q) + C02(g) + H20 (!) 

( i) Describe two observations that can be 
made as this reaction happens. [2] 

(ii) State the meaning of the symbol ( aq). [ 1 ] 
e The calorimeter lid is made ofpoly( ethene). 

Complete these sentences about poly(ethene) 
using words from the list. 

acids addition condensation ethane 
ethene monomers polymer 

Poly(ethcne) is a _ _ formed by the __ 
of ethene molecules. 
In this reaction the ethene molecules can be 
described as [3] 

(Total: t2/ 
(Cambridge /GCSE Chemistry 0620 Paper 02 

Q3 November 2009) 



Theory 

12 Caesium is a metal in Group I of the Periodic Table. 13 The table shows the concentration of some ions 
a State two physical properties o f caesium. [2 ] present in seawater. 
b State the number of electrons in the outer ~--~---~-------~ 

Name of ion Formu la of ion Concentrat ion of ion in g/ dm3 
shell o f a caesium atom. [ l ] 

c An isotope of caesium has a mass number ofl 33. 
(i) What do you und erstand by the term 

isotope? [ l ] 
(ii) Calculate the number of neutrons in this 

isotope of caesium. [ 1] 
d Complete the fo llowing table to estimate 

the boiling point o f caesium and predict the 

bromide 

calcium 

chloride 

magnesium 

potassium 

sodium 

Br 0.07 

(aH 0.4 

er 19.1 

Mgi+ 1.2 

K' 0.3 

Na' 10.6 

so/- 0.8 

reactivity of caesium with water. a Which negative ion has the highest 

Group I Density/ Boili ng React iv ity with water 
meta l g/ cm3 pointl°C 

sodium 0.97 883 fiu esquickly,disappearsgradually 
and does not burst into flame 

potassium 0.86 760 fiues veryquickly,disappears 
quicklyandbursts intoflame with 
a little spitting 

rubidium 1.53 686 fiuesextremelyquickly,bursts 
intoflamethenspits violently and 
may explode 

1.88 

[2] 
e The diagram shows th e structure of caesium 

chloride. 

Use this diagram to work out the simplest 
fo rmula fo r caesium chloride. [ l ] 

f Cai:sium chloride dissolvi:s in water to form 
a neutral solution. State the pH of a neutral 
solution. [ l ] 

g Describe a test for chloride ions. [2 ] 
[Total: 11] 

(Cambridge /GCSE Chemistry 0620 Paper 02 
Q4 November 2009) 

concentration in seawater? [ 1] 
b State the name of th e ion with the formula 

so,2-. [ l l 
c Which two ions in the ta.bk arc fo rmed from 

Group I elements? [ 1] 
d VVhcn seawater is evaporated a number of 

diftCrcnt compounds arc fo rmed. State the 
name of the co mpound which is present in the 
g reatest quantity. [ l ] 

e State the names of two ions in the tabl e 
which m ove to the cathode when seawater is 
electrolysed. [2 ] 

f When concentrated seawater is electrolysed , 
chlorine is fo rm ed at one of the electrodes. 
(i) To which Period in the Periodic Table docs 

chlo rine belong? [ 1] 
(ii) Draw the electronic structure of a chlorine 

molecule. Show only the outer electrons. [2] 
g Drinking water can be obtained by purif)1ing 

seawater. 
Explain why distillation rath er than filtration is 
used to purify seawater fo r drinking . [2] 

[Total: 11] 
(Cambridge /GCSE Chemistry 0620 Paper 02 

Q3 June 2008) 

14 For each of the fo ll owing select an clement from 
Period 4 , po tassium to krypton , that matches the 
description. 
a It is a brown liquid at room temperature . 
b It forms a compound with hydrogen having th e 

fo rmula XH4 . 

c A metal that reacts vio lently with cold water. 
d It has a complete outer energy level. 
e It has oxidation states of2 and 3 only. 



REVISION AND EXAM-STYLE QUESTIONS 

f It can form an ion of the type x -
g One of its oxides is the catalyst in the Contact 

Process. 
(Total: 7/ 

(Cambridge /GCSE Chemistry 0620 Paper 31 
Q1 June 2008) 

15 a Complete the table which gives the names, 
symbols, rdativc masses and rdativc charges of 
the three subatomic particles. 

Name Symbol Relative mass Relative charge 

electron 

proton 

[3] 
b Use the information in the table to explain the 

following. 
(i) Atoms contain charged particles but they 

arc ckctrically neutral because they have no 
overall charge. [2] 

(ii) Atoms can form positive ions. [2] 
( iii)Atoms of the same clement can have 

different masses. [2 J 
( iv) Scientists arc certain that there arc no 

undiscovered elements missing from 
the Periodic Table from hydrogen to 
lawrencium. [ 1] 

(Total: 10/ 

(Cambridge /GCSE Chemistf'f 0620 Paper 31 
Q2 June 2008) 

16 Copper is purified by electrolysis. 
a Complete the following. 

The positive electrode (anode ) is made from 

The negative electrode (cathode) is made from 

The electrolyte is aqueous__ [3] 
b Write an ionic equation for the reaction at the 

positive electrode (anode ). [2] 
c (i) Give two reasons why copper is used 

in electric wiring, 
in cooking utensils. 

(ii) Give another use of copper. 

[2] 
[2] 
[ l ] 

(rota/: 10] 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q3 June 2008) 

17 The following techniques arc used to separate 
mixtures. 

A simple distillation 

B fractional distillation 

C evaporation 

D chromatography 

E filtration 

F diffusion 

From this list, choose the most suitable technique 
to separate th e fo llowing. 
a methane from a mixture of the gases, methane 

and ethane [ l] 
b water from aqueous magnesium sulfatc [ 1] 
c glycine from a mixture of the amino acids, 

glycine and lysine [ l] 
d iron filings from a mixh1rc of iron filings 

and water [ l ] 
e zinc su lfatc crystals from aqueous zinc 

sulfatc 
f hexane from a mixture of the liquids, 

hexane and octane 

[ l ] 

[ l ] 
(Total: 6/ 

(Cambridge /GCSE Chemistf'f 0620 Paper 31 
Q1 June2011) 

18 1l1c apparatus shown below can be used to 
measure the energy released when a liquid foci 
is burnt. The amount of energy released is 
calculated from the increase in temperature of a 
known amount of water. 

iron can 



a (i) Explain how this experim ent shows that 
th e burning of ethanol is an exothermic 
reaction. [ l ] 

( ii) Complete the word equation fo r th e 
complete combustion of ethanol. 

ethanol + oxygen ----> _ _ + __ 

b Ethanol is a fud containing carbon . State 

[2] 

th e names of two oth er commonly used fuds 
containing carbon. [2] 

c Give th e fo rmula of the functional group 
present in eth anol. [ 1] 

d The can contains water. Describe a chemical 
test for water. [2] 

e The iron can used in this experiment rusts easily. 
( i) Describe a method which can be used to 

prevent iron from rustin g. [ 1] 
( ii) Rust contains hyd rated iron(m) oxide. What 

do you understand by the term hydrated? [ 1] 
( iii ) Iron is a transition metal. State two properties 

which arc typical of transition metals. [2] 
(Total: 12/ 

(Cambridge /GCSE Chemistry 0620 Paper 02 
Q5 November 2008) 

19 There arc three types of g iant stru cture -ionic, 
metallic and macromolecular. 
a Sodium nitride is an ionic compound. Draw 

a diagram th at shows th e fo rmula of the 
compound , the charges on the io ns and the 
arrangement of the valency electrons around 
the negative ion. 
Use x to rqJrcscnt an electron from a sodium atom. 
Use o to represent an electron from a nitrogen 
atom . [3] 

b (i) Describe metallic bonding. [3] 
( ii) Use the above ideas to ex plain why: 

metals arc good conductors o f 
el ectricity, 
metals arc malleable. 

c Silicon(w ) oxide has a macrom olecul ar 
structure . 

[ l ] 
[2] 

( i) D escribe the structure of silicon(w ) oxide 
(a diagram is no t acceptable). [3] 

Theory 

( ii) Diamond has a similar structure and 
consequently similar properti es . G ive 
two physical properties common to both 
d iamond and silicon(1v) oxide. [2] 

(Total: 14/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q2 November 2008) 

20 The electrolysis o f concentrated aqu eous sodium 
chl o rid e produces three commercially important 
chemicals: hyd rogen , chlorine and sodium 
hydroxide. 
a The ions present arc Na+(aq ), H +(aq ) ,C/(aq) 

and O H~(aq ). 
( i) Compl ete th e ioni c equation fo r the 

reaction at the negative electrode 
(cathode). 

__ + __ -H, [ l ] 

( ii) Complete th e ioni c equ ation fo r th e 
reaction at the positive electrode (anode). 

__ + __ - et, [ l ] 

( iii) Explain why th e solution changes from 
sodium chloride to sodium hydrox ide. [ 1] 

b (i) Why docs the water supply industry use 
chlo rine? [ 1] 

( ii) Name an important chemical that is made 
from hydrogen. [ 1] 

( iii) H ow is sodium hyd roxide used to make 
soap? [2] 

(Total: 1/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q5 November 2008) 

21 H elium and argon arc noble gases. 
a State oneuscofhelium. [ l ] 
b The atomic stru ctures ofhd ium and argon arc 

shown below. 

(Yx~-, \ _: 

helium argon 



REVISION AND EXAM-STYLE QUESTIONS 

(i) State th e name o f the cen tral part o f the 
atom, labelled X. [ 1] 

(ii) Which statement about helium and argon 
is correct? Tick one box. 

Argon has an incomplete inner shell o f 
ck:ctro ns. D 
An atom of argon has 16 electro ns. 

Helium has a complete outer shdl of 
electrons. 

D 

D 
Helium has an incomplete outer shell o f 
electro ns. D 

[ l ] 
(iii )How many protons arc there in an atom o f 

argon? [ l ] 
(iv) The symbol for a particular isotope of 

helium is written as j H c. 
Write a similar symbol for th e isotope of 
argon which has 16 neutrons. [ 1 J 

c Argon is a liquid at a temperature of - 188 °C. 
Complete the diagram below to show how the 
atoms of argon arc arranged at - 188 °C. 
Q represents o ne atom of argon. 

[2] 

[Total: 7/ 
(Cambridge /GCSE Chemistf'f 0620 Paper 21 

Q3 November 2010) 

22 H ydrogen chloride can be made by burning 
hydrogen in chlo rin e. 
a Complete the eq uation for this reaction. 

H2 + __ - __ HC/ [2] 

b Draw a dot and cross diagram for a molecule of 
hydrogen chloride . Show all the electrons. 
Use o fo r an electron from a hydrogen atom. 
Use x for an electron from a chlorine atom. [2] 

c H ydrochlo ric acid is formed when hyd rogen 
chloride gas dissolves in water. Suggest the pH 
of hydrochloric acid. Put a ring around the 
correct answer. 

pHl pH 7 pH9 pH13 

d Complete the equation for the reacti on of 
hydrochloric acid with zinc. 

[ l ] 

zinc+ hydrochloric acid ----,. zinc chloride + __ 

e Describe how dry crystals of zinc chloride 
can be obtained from a solution of zinc 
chlo ride . 

f A student electrolysed molten zinc chloride. 

[ l ] 

[2] 

State th e name of the product formed at: 
(i) th e anode, [ l ] 

[ l ] 
[Total: 10/ 

(ii) th e cathode. 

(Cambridge /GCSE Chemistry 0620 Paper 02 
Ql June 2009) 

23 Sulfuric acid is a typical st rong acid. 
a Change the equations g iven into a different 

format. 
(i) Mg+ H2S04 ___,. MgS04 + H 2 

Change into a word eq uation. [ l ] 
(ii) lithium oxide + sulfuric acid----,. 

lithium sulfate + water 
Change into a symbol eq uation. 

(iii)CuO + 2H+ ___,. Cu 2+ + H 2 0 
[2] 

Change the ionic equation into a symbol 
eq uation. [2] 

(iv) Na2C03 + H 2S04 ___,. Na2S04 + C02 + H 20 
Change into a word equation. [ l J 

b When sulfuric acid dissolves in water, th e 
fo llowing reaction occurs. 

H 2S04 + H 20 ___,. HS04- + H 30+ 

Explain why water is behaving as a base in this 
reaction. [2] 



c Sulfuric acid is a strong acid, cthanoic acid is a 
weak acid. 
Explain the difference between a strong acid 
and a weak acid. [2] 

(rota/: tO/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q4 June 2008) 

24 Three forms of carbon arc diamond, graphite and 
Buckminsterfullerene. 

diamond graphite Buckminsterfullerene 

a (i) State one difference in structure between 
Buckminstcrfollerene and diamond. [ 1] 

(ii) State two differences in structure between 
graphite and diamond. [2 J 

b State the type of bonding between the carbon 
atoms in diamond. [ 1] 

c Suggest why gra.phitc is used as a lubricant. 
Refer to the layers in your answer. [ 1] 

d State one use for dia.mond. [ 1] 
e Coal is a fud containing carbon. When 

coal is burnt, carbon dioxide is produced. 
Explain how the increase in carbon dioxide 
concentration in the atmosphere affects the 
world's climate. [2] 

f Coal also con ta.ins small amounts of sulfor. 
Explain how burning coal \cads to acid rain. [2] 

g Methane is a foci. 
(i) Which one of the following is a natur.i.l 

source of methane? 
Tick one box. 

waste gases from respir.i.tion in plants D 
waste gases from digestion in animals D 
gases from photosynthesis in plants D 
gases from forest fires D 

[l] 

Theory 

(ii) Draw a diagram to show the arrangement 
of the electrons in a molecule of methane, 
CH4 . 

Use 
• for an electron from a carbon atom 
x for an electron from a hydrogen atom. [ 1 J 

(iii)Mcthane belongs to the alkanc 
homologous series. 
Name one other alkanc. [ 1 J 

[Total: 13] 
(Cambridge /GCSE Chemistry 0620 Paper 22 

Ql June 2010) 

Inorganic 
25 Water is an important raw material in industry. 

a State one use of water in industry. [ 1 J 
b Describe a chemical test for water. 

test 
result [2] 

c A small piece of potassium was placed in a 
beaker of water. 
The equation for the reaction is 

2K(s) + 2H,0(1) - 2KOH(,q) + H2 (s) 

(i) Describe a test for the gas given off in this 
reaction. 
test 
result [2] 

(ii) What is the most likely pH of the solution 
in the beaker when the reaction is complete? 
Put a ring around the correct answer. 

pH2 pH6 pH7 pHB pH12 [l] 

d \Yater is formed when propane burns. 
(i) Complete the equation for this reaction: 

C3H 8 + 502 ---> __ C02 + __ H 20 [2] 

(ii) Which of the following best describes this 
reaction? 
Put a ring around the correct answer. 

c.."1rbonisation 
dehydration 

combustion 
hydrogenation [ 1 J 

(iii)When 4.4g of propane arc burnt in 
excess oxygen, 7.2g of water arc formed. 
Calculate the mass of water formed when 
22 g of propane arc burnt. [ 1 J 

[Total: 10] 
(Cambridge /GCSE Chemistry 0620 Paper 22 

Q3 June 201 O) 



REVISION AND EXAM-STYLE QUESTIONS 

26 a Choose from the list o f compound s to answer 
q u estio ns (i) to (v) . 

calcium carbo na te carbon dioxide 
hydrogen chloride 

iron(m ) oxide lead(n) bromide 
methane sodium hydroxide 

Each com pound can be used once, mo re than 
o n ce or n ot at all. 
Nam e the compo und which 
(i) is a transitio n metal compo un d, [ l ] 
(ii) produces brown fom cs at the anode when 

electrolysed, [ 1] 
(iii ) is used to manufacture lime, [ 1] 
( iv) d issolves in water to fo rm an alkaline 

so lutio n, [ l ] 
(v ) is the m ain constituent o f natural gas . [ l ] 

b At a hi gh tem perature iron(m ) oxide is reduced 
by carbon. 

Fc20 3 + 3C -----+ 2Fc + 3CO 

(i) Explain how th e equatio n shows that 
iron(m ) oxide is reduced by carbon. [ 1] 

(ii) Complete these senten ces ab o ut th e 
extractio n o f iron using words fro m the 
list . 

bauxite blast co n ver ter haematite 
lime limestone sand slag 

Iron is extracted from __ by mixing 
the ore with coke and in a 
fornacc. 
1l1c iron ore is reduced to iron and 
impurities in the ore react with calcium 
oxide to form [ 4 ] 

(rota/: 10] 
(Cambridge /GCSE Chemistry 0620 Paper 02 

Q1 June 2009) 

2 7 The list shows som e no n-metallic elem ents. 

bromine 
carbon 
fluorine 
krypto n 
nitrogen 
oxygen 

a Which two elem ents in the list arc in the sam e 
Group of th e Peri odic Tab le? [ I ] 

b Which clem ent in th e list has the highest 
proto n number? [ l ] 

c Which two o f these elem ents make up most o f 
th e air1 [ I ] 

d Bromine and flu orine fo rm a com pound 
with th e formula BrFs. Calculate the relative 
m o lecular m ass ofBrF 5. [ I ] 

e The diagram shows th e structure o f some 
compo unds containing oxygen. 

A 

( i) What type of oxide is com pound C? [ I ] 
( ii) Com pound A is an atmospheric po llutant. 

D escri be the source o f compo und A and 
state its effect o n the enviro nment. [2] 

( iii) In the presence o f air, com pound D reacts 
with water to fo rm nitric acid. 
A student used the apparah1s shown to add 
an aqu eous solutio n o f nitric acid to an 
aqu eous solutio n o f po tassium hydroxide. 
H e ad ded the acid until it was in excess . 

D escri be how th e pH o f the soluti o n in 
th e fl ask changes as the nitric acid is added 
until the acid is in excess. [3] 



(iv) Describe how you can measure this pH 
chan ge . [ l ] 

(v) The equation for the reaction is 

State the name of the salt fo rmed in this 
reaction . [ l ] 

{To tal: 12/ 
(Cambridge /GCSE Chemistry 0620 Paper 02 Q 1 

November 2009) 

28 A solution of calcium hydrox ide in water is 
alkalin e. 
a Which o ne of the pH values below is alkaline? 

Put a ring around th e correct answer. 

pH3 pH6 pH ? pH ll [ l ] 

b Which of the following is the common name 
fo r calcium hydroxide? 
T ick one box. 

cement 

limestone 

quicklime 

slaked lime 

D 
D 
D 
D 

hydrochloric 
acid 

burette 

solution of 

Theory 

""A -=-=-=-= calcium hydroxide 

/. 

Describe how you would carry out this 
titration. [3] 

{Total: 10] 
(Cambridge /GCSE Chemistry 0620 Paper 21 

Q5 November 201 O) 

[ 
1

] 29 Ammonia is an important industrial chemi cal. 

c Some farmers use calcium hydroxide to contro l a (i) Give th e electron stru cture of an atom of 
soil acidity. nitrogen. [ l ] 
( i) Why is it impo rtant to contro l soil (ii ) Use this electroni c structure, rather than 

acidi ty? [ 1] the valency of nitrogen, to explain why th e 

(ii ) Acid rain can cause soil to become acidic. fo rmula of ammonia is NH3 no t NH4. [2] 
Describe how acid rain is fo rm ed. [ 3] b Ammonia is made by th e Haber Process. 

d Calcium hydroxide reacts with hydrochloric acid . 

calcium hydrox ide + hyd rochl o ric acid ---,. 
calcium chlo rid e + water 

(i ) State the name of this type of chemical 
reaction. [ l ] 

(ii ) A dilute solution of calcium hydroxide can 
be titrated with hydrochlo ri c acid using the 
apparatus shown. 

N2(g) + 3H2(g) c= 2NH3(g) 
fo rward reaction is exothermic 

The percentage of ammonia in th e equilibrium 
mixture varies with conditions. 

Pressure /atmospheres 100 200 300 400 

% ammon iaat300 °C 45 65 72 78 

% ammon ia at soo •c 18 25 31 

The conditio ns actually used arc 
200 atmospheres, 450 °C and an iron catalyst. 
(i) The orig inal catalyst was platinum. Suggest 

a reason why it was chan ged to iron. [ 1] 
(ii) Explain why th e highest pressure g ives 

the highest percentage of ammonia in the 
equilibrium mixture. [2 ] 



REVISION AND EXAM-STYLE QUESTIONS 

( iii) What happens to the unrcactcd nitrogen 
and hydrogen? [ 1] 

( iv) State o ne advantage and one disadvantage 
o f using a lower temperature. [2] 

[Total: 9/ 

(Cambridge /GCSE Chemistry 0620 Paper 31 
Q4 November 2010) 

30 Lead is a grey metal. 
a State two physical properties which arc 

characteristic o f metals. [2] 
b To which Group in the Periodic Table docs 

lead belong? [ 1] 
c An isotope o f lead has the m ass number 208 . 

Complete the table to show the number o f 
subatomic particles in an ato m o f this isotope 
of lead. Use the Periodic Table to help you. 

Type of particle Number of particles 

electrons 

protons 

[3] 
d When lead is hC'.1.tcd in O.\)'gcn, lead(n) oxide is 

formed. Write a word equation for this reaction. [ 1] 
e When lcad(n) oxide is heated with carbon, lead 

and carbo n m o noxide arc fo rmed. 

PbO + C -Pb + CO 

(i) Which substance becom es oxidised during 
this reaction ? [ 1] 

(ii) Carbo n m o noxide is a cova lent compo und. 
Which o ne o f th ese statem en ts about 
carbo n m o noxide is correct? 
Tick one box. 

It is a solid with a high melting po int. D 
It conducts electricity when it is 
a liquid. 

It is a gas at room temperature. 

D 
D 

It fo rms abo ut 1 % o f the atmosphere. D 
[ l ] 

[Total: 9/ 
(Cambridge /GCSE Chemistf'f 0620 Paper 22 

Q6June2010) 

31 C hoose an clem ent which fits each o f the 
fo llowing descriptio ns. 

( i) lt is a yellow solid which burns to fo rm 
an acidic oxide. [ l ] 

( ii) This clem ent is a black solid which , 
when heated , forms a purple vapour. [ 1] 

( iii)Most o f its soluble salts arc blue . [ l ] 
( iv) It has a basic oxide o f the typ e M O 

which is used to treat acidic soils. [ 1] 
(v) It is an unrcactivc gas used to fill 

balloons. [ l ] 
[Total: 5/ 

(Cambridge /GCSE Chemistry 0620 Paper 31 
Q1 June2010) 

32 This questio n is about som e compounds o f 
nitrogen. 
A mixture o f ammo nium sul fa tc and sodium 
hyd roxide was warm ed in a test-tube. The gas was 
tested with m oist red litmus paper. 

~ red litmus paper 

i 
heat gently 

a State th e name o f the gas released. [ l ] 
b State th e colo ur change o f the litmus paper. [ 1] 
c Complete the word equatio n fo r the reacti o n o f 

ammonium carbo nate with hyd rochl oric acid . 

amm o nium + hydrochlo ric ---> _ + _ + _ 
carbonate acid [3] 

d Ammo nium salts such as ammo nium nitrate, 
N H 4N03, and ammo nium chlo rid e, NH 4Cl, 
arc used as fe rtilisers. 
( i) Explain why farmers need to use 

fe rtilisers. [ l ] 
( ii) Explain why ammo nium nitrate is a better 

fe rtiliser than ammo nium chlo ride. [ 1] 
( iii) Calculate the relative fo rmula m ass o f 

ammonium nitrate . [ l ] 



e When ammonium nitrate is heated nitrogen(!) 
oxide is given off. 
Nitrogen(!) oxide relights a glowing splint. 
Name one other gas which relights a glowing 
splint. [ l ] 

f State one harmful effect of nitrogen oxides on 
the environment. [ 1] 

(rota/: tO/ 
(Cambridge /GCSE Chemistry 0620 Paper 02 

04 June 2009) 

33 a The major gases in unpolluted air arc 79% 
nitrogen and 20% oxygen. 
(i) Name another gaseous ckmcnt in 

unpolluted air. [ 1] 
(ii) Name two compounds in unpolluted 

~r. [2] 
b Two common pollutants in air arc carbon 

monoxide and the oxides of nitrogen. 
(i) Name another pollutant in air. [ 1] 
(ii) Describe how carbon monoxide is 

formed. [2] 
( iii ) H ow arc the oxides of nitrogen formcd?[2] 
( iv) Explain how a catalytic converter reduces 

the emission of these two gases. [2] 
[Total: 10] 

(Cambridge /GCSE Chemistry 0620 Paper 31 
01 November 2009) 

34 Oxides are classified as acidic, basic, neutral and 
amphoteric. 
a Complete the tabk. 

Type of oxide pH of solution oxide Ex.ample 

acidic 

basic 
neutral 

b (i) Explain the term amphoteric. 
[6] 
[ l ] 

(ii) Name two reagents that an: needed to 
show that an oxide is amphoteric. [2] 

(rota/: 9/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

02 November 2009) 

Theory 

35 a Su lfuric acid is made by the Contact process. 

This is carried out in the presence of a catalyst 
at 450 °C and 2 atmospheres pressure. 
(i) H ow is the sulfur dioxide made? [ l ] 
(ii) Give another use of sulfur dioxide. [l ] 
(iii)Namc the catalyst used. [l ] 
( iv) If the temperature is decreased to 300°C, 

the yield of sulfur trioxide increases. 
Explain why this lower temperature 
is not used. [ l ] 

(v) Su lfur trioxide is dissolved in concentrated 
sulfuric acid. This is added to water to 
make more sulfuric acid. Why is su lfur 
trioxide not added directly to water? [ 1] 

b Sulfuric acid was first made in the Middle 
East by heating the mineral grccnvitriol, 
FcS04 .7H20. The gases formed were cooled. 

FeS04.7H20 (s) - FcS04 (s) + 7H20(g) 
green crystals yel low powder 

2FcS04(s) - Fe20 3(s) + S02(g) + S03(g) 

On cooling 

S03 + H 20 __, H 2S04 sulfuric acid 

S02 + H 20 __, H 2S03 sulfu rous acid 

(i) H ow could you show that the first reaction 
is reversible? [2] 

(ii) Su lfurous acid is a rcductant. What 
would you sec when acidified potassium 
manganatc(vn) is added to a solution 
containing this acid? [2] 

(iii)Suggcst an explanation for why sulfurous 
acid in contact with air changes into 
sulfuric acid. [ 1] 

c 9. 12 g of anhydrous iron(n) sulfatc was heated. 
Calculate the mass ofiron(m) oxide formed 
and the volume ofsulfur trioxide, at r.t.p., 
formed. 

2FcS04(s) - Fe20,(s) + S02(g) + S03(g) 

mass of one mok ofFcS04 = 152g 
number of moles of FcS04 used= __ 
number of moles of Fe20 3 formed = __ 
mass of one mok ofFc20 3 = __ g 



REVISION AND EXAM-STYLE QUESTIONS 

mass ofi ro n(m) oxide fo rmed= __ g 
number o f m oles o f S03 fo rm ed = __ 

volume of sulfur trioxide fo rmed = dm 3 

[6] 
(rota/: 16/ 

(Cambridge /GCSE Chemistf'f 0620 Paper 31 
Q6 November 2009) 

36 The diagram shows a water tn:atmcnt works. 

aluminium sulfate 
added 

sand filter 

a State o n e use o f water in industry. [ 1 J 
b Explain how th e sand filter helps puri f)1 the 

water. [2] 
c The aluminium ions in aluminium sulfatc ca use 

clay particles to clump together. 
Descri be a test fo r aluminium ions. 
t est 
result [3] 

d Why is chlorin e added to th e water? [ 1] 
e Chlorine is in Group Vl I o f the Periodi c Table . 

W hen chlorine reacts with a solution o f 
potassium bromide, the solution turns a 
reddi sh- brown colour. 
(i) Write a word equ ation fo r this reaction. [2 ] 
(ii) E xplain why io dine d ocs no t react with a 

so lutio n o f po tassium bromid e. [ 1 ] 
f W hen chl o rine reacts with sodium to fo rm 

sodium chl oride, energy is released. 
(i) State the name given to a reactio n which 

releases en ergy. [ 1 ] 
(ii) W hat type o f bonding is present in sodium 

chlo ride? [ 1 ] 
(iii) E xplain what happens in terms o f elect ron 

transfer wh en a sodium ato m reacts with a 
chlo rine ato m. [2 ] 

(rota/: 14/ 
(Cambridge /GCSE Chemistf'f 0620 Paper 02 

Q4 June 2008) 

3 7 Selenium and sulfur arc in Group Vl . They have 
similar p roperties . 
a O ne o f the main uses o f selenium is in 

pho toelectric cells. These cells can ch ange lig ht 
into electrical en ergy. 
(i) N am e a process which can change light 

into chemical energy. 
(ii) Nam e a d evice which can chan ge ch emical 

energy into electrical energy. [2] 
b The elect ron distributio n o f a selenium ato m is 

2+8+ 18 +6. 
(i) Selenium forms an io ni c compo und with 

potassium. Draw a diagram which shows 
th e fo rmula o f this io ni c compo und , the 
charges o n the io ns and the arran gem ent o f 
th e valen cy electro ns around th e negative 
io n. 
Use o to represent an electron from an 
ato m o f potassium . 
Use x to represent an electro n fro m an 
ato m o f selenium. [3] 

(ii) Draw a diagram showing the arrangem ent 
o f the valen cy electro ns in on e m o lecule o f 
th e covalent compo und selenium chlorid e. 
Use x to represent an electro n fro m an 
ato m o f selenium. 
Use o to represent an electron from an 
ato m o f chlorine. [3] 

(iii) Predict two diff"eren ces in the physical 
properties o f these two compo und s. [2] 

c The sclcnide io n reacts with water. 

Se2 - + H 20----, H Se- + OH-

W hat type o f reagent is th e sd enide io n in this 
reactio n? Give a reason for your ch o ice. [3] 

[Total: 13] 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q2 June2011) 

38 C hlorine reacts with phospho rus to fo rm 
phospho rus trichloride. 
a Draw a diagram showing the arrangem ent o f 

th e valency elect rons in o ne m o lecule o f the 
covalent compo und, phospho ru s tri chlo ride. 
Use x to represent an electro n fro m a 
phospho rus ato m . 



Use o to represent an electron from a chlo rine 
atom. [2] 

b Phosphorus trichloridc reacts with water to 
fo rm two acids. 
( i) Balance the equation fo r this reacti on. 

PCl3 +_ H 20 ---+ _ HCl+ H 3 P0 3 [ l ] 

( ii) Describe how you could show th at 
phosphoru s acid , H 3 P0 3 , is a weaker acid 
th an hydrochloric acid. [3] 

( iii) Two salts of phospho rus acid arc its 
sodium salt, which is soluble in water, and 
its calcium salt which is in soluble in water. 
Suggest a method of preparation fo r each 
of these salts from aq ueous phosphorus 
acid . Spccif)1 any o ther reagent needed and 
briefl y outline th e method. 
sodium salt [2] 
calcium salt [2] 

(Total: tO/ 
(Cambridge /GCSE Chemistry 0620 Paper 33 

Ql June2011) 

39 Steel is an alloy made from impure iron . 
a Both iron and steel ru st. The fo rmula fo r ru st is 

Fc20 3.2 H20 . It is hydrated iron(m ) oxide. 
( i) Name the two substances that must be 

present fo r ru sting to occur. [2] 
( ii) Painting and coating with g rease arc two 

methods of preventing iron or steel from 
rusting. Give two o ther methods. [2] 

b ( i) Na me a reagent that can reduce iron(m ) 
oxide to iron . [ 1] 

( ii) Write a symbol equation fo r th e reduction 
ofi ron(m ) oxide, Fc20 3 , to iron. [2] 

c ( i) Calculate the mass of one mole of 
Fe20 3 .2H 20. [2] 

( ii) Use your answer to ( i) to calculate the 
percentage of iron in rust. [2] 

d Iron from the b last fornacc is impure. Two of 
th e im purities arc carbon and silicon. These 
arc removed by blowing oxygen throll gh the 
molten iron and adding calcium ox ide. 
( i) Explain how th e additi on of oxygen 

removes carbon. [ 1] 
( ii) Explain how the addition of oxygen and 

calcium oxide removes silicon. [2] 
(Total: t3/ 

(Cambridge /GCSE Chemistry 0620 Paper 31 

Q3 November 2008) 

Theory 

40 O zone is a fo rm of oxygen. Ozone is present in 
the upper atmosphere and it p revents dangerous 
solar radiation from reaching the Earth 's surface. 
Some of th e chemicals that d iffu se into the 
upper atmosphere decompose ozone. C hemi cals 
that have this effect arc methane (C H 4 ) , 

chloromcthanc (C H 3Cl) and an oxide of 
nitrogen (N02). 
( i) Which of these three chemica ls di ffuses 

the m ost slowly? Give a reason fo r your 
cho ice. [2] 

( ii) C hloromcthanc is fo rmed when seaweed 
deco mposes. Name the co mpounds in the 
environment from which seaweed might 
have obtained th e following elements: 
carbon; __ 
hyd rogen; __ 
chlo rine. 

(iii) H ow can chloromcthanc be made from 
methane? 
reagent __ 

[3] 

condition [2] 
( iv) The oxides of nitrogen arc atm ospheric 

pollutants. Describe how they arc fo rm ed . [2] 
(v) Complete the equation fo r the 

deco mposition of ozone. 

__ o, - __ [2] 

{Total: 11] 

(Cambridge /GCSE Chemistry 0620 Paper 31 

Q2 June 201 O) 

Organic 
41 Ethcnc, C2H4, is manL1 fach1rcd by cracking 

petroleum fractions. 
a ( i ) What do yoll und erstand by the term 

pctro/cu,n fraction? [ 1] 
( ii) Complete th e equation for the 

manufactllrc of cthcnc from dodecanc, 

C12 H 26· 

C12 H 26 ---+ C2 H4+__ [I ] 

b Two fractions obtained from the d istillation of 
pctro lellm arc refinery gas and gaso line. State 
o ne use of each of these fractions. [2] 

c Ethcnc is an llnsaturatcd hydrocarbon. Wh at 
do yoll und erstand by the following terms? 
llnsaturatcd 
hydrocarbon [2] 



REVISION AND EXAM-STYLE QUESTIONS 

d Ethcnc is used to make ethano l. 
(i) Which o f these reacti ons is used to make 

ethano l fro m cthcnd Tick one box. 

catalytic additio n o f steam D 
fermentati on D 
oxidation using oxygen D 
reductio n using hyd rogen D 

[ l ] 
(ii) Draw the structure o f ethanol showing 

all ato ms and bo nds. [2 ] 
e Ethcnc is used to make po ly(cthcnc) . 

Complete the fo ll owing sentences abo ut this 
reactio n. U se words fro m the list below. 

additions carbohydrates catalysts 
polymers 

The ethcnc mo lecules whi ch jo in to fo rm 
po ly(cthcnc) arc the __ . 
The poly(cthenc) molecules fo rmed arc __ 

[2 ] 
(ro ta/: 11/ 

(Cambridge /GCSE Chemistry 0620 Paper 21 
Ql November 2010) 

42 M ono mers po lym erise to form polymers or 
macro m o lecul es . 
a (i) Explain th e term polymerise. [ 1] 

(ii) There arc two types o f po lym erisatio n -
additio n and condensatio n. 
What is the difference bctv.recn them ? [2] 

b An impo rtant mo nom er is chl orocthcne which 
has the struchiral fo rmula shown below. 

H 
\ I 
c = c 

I \ 
H C/ 

It is m ade by the fo llowing m ethod . 

C2H 4 + C'1_ ---+ C2 H 4C'1_ dichlorocthanc 

This is heated to make chlorocth cne . 

( i) Ethcne is mad e by cracking alkancs . 
Complete the equatio n for crackin g 
do dccanc. 

Ano ther m etho d o f making dichlorocthanc is 
fro m ethane. 

c,H, + 2C',_ - c,H,C',_ + 2HC/ 

(ii) Suggest a reason why the metho d using 
ethcnc is preferred. [ 1] 

(iii) D escribe an industrial method o f making 
chlo rine. [2 ] 

(iv) Draw the structural fo rmula o f 
poly(chlorocthcnc). Include three 
mo no mer units. [2] 

(rota/: 9/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Q5 November 2010) 

43 Pet roleum is a mixture o f hyd rocarbons which 
can be separated into fractio ns such as petrol, 
paraffin and di esel. 
a State th e name o f the process used to 

separate these fractions. [ 1] 
b Name two o ther fractions which arc 

o btained fro m pet roleum. [2 ] 
c Give one use fo r the paraffin fractio n. [ l ] 
d Many o f the compo und s o btained fro m 

pet roleum arc alkanes. Which two o f the 
fo llowing structures arc alkancs? [ 1] 

H 

I 
H 

\ I 
H H H H 
I I I I 

H-C-H C = C H-C-0-H H-C-C-C -H 

I 
H 

I \ 
H H 

I I I I 
H H H H 

e Use wo rd s fro m the list below to complete the 
fo ll owing sentence . 

ethane ethene hydrogen nitrogen 
o'"1'gen reactive unreactive water 

Alkanes such as __ arc generally __ 
but they can be burnt in __ to fo rm 
carbon dioxide and [ 4 ] 

f Alkancs arc saturated hyd rocarbo ns. 
What do you und erstand by the term s 
(i) saturated , 
(ii) hyd rocarbon? [2] 

[Total: 11] 
(Cambridge /GCSE Chemistry 0620 Paper 02 

Q3 June 2009) 



44 Lactic acid can be made from corn starch. 

CH
1

- CH- COOH 

I 
OH 

lactic acid 

It polymerises to form the polymer, polylactic acid 
(PLA) which is biodegradable. 

Theory 

test result for lactic acid 
result for acrylic acid __ 

(iii)Describc a test, other than using an 
indicator, which would show that both 
chemicals contain an acid group. 

[3] 

test 
result [2] 

(Total: t3/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

QB June 2009) a Suggest two advantages that PLA has 
compared with a polymer made from 
petroleum. 

b The structure of PLA is given below. 
[2] 45 Butan-1-ol is used as a so lvent for paints and 

varnishes, to make esters and as a fuel. Butan-1-ol 
can be manufactured from but-1-ene, which is 
made from petroleum. 

( i) What type of compound contains the 
group that is circled? 

( ii) Complete the following sentence. 
[ l ] 

Lactic acid molecules can form this group 
because they contain both an __ group 
and an __ group. [2] 

(iii) ls the forma tion of PLA an addition or 
condensation polymerisation? Give a reason 
for your choice. [2] 

c When lactic acid is heated, acrylic acid is 
formed. 

H H 
I I \ / 

H-C-C-COOH (=( 

I I 
H OH H/ \ooH 

lactic acid ac rylic acid 

( i) Complete the word equation for the action 
of heat on lactic acid. 

lacticacid---+ __ +__ [ l ] 

( ii) Describe a test that would distinguish 
between lactic acid and acrylic acid. 

Biobutanol is a fuel of the foturc. It can be 
made by the fermentation of almost any form of 
biomass - grain, straw, leaves etc. 
a But-1-cnc can be obtained from alkancs such as 

dccanc, C 10H 22 , by cracking. 
( i) Give the reaction conditions. [2] 
(ii) Complete an equation for the cracking of 

dccane, C 10H 22 , to give but-1-cnc. 

[2] 

(iii)Namc the reagent that reacts with 
but-1-ene to form butan-1-ol. [ l ] 

b (i) Balance the equation for the complete 
combustion ofbutan-1-ol. 

_ C4H 90 H + _ 0 2 ---+ _ C02 + _ H 20 
[2] 

( ii) Write a word equation for the preparation 
of the ester butyl mcthanoatc. [2] 

c The fermentation of biomass by bacteria 
produces a mixture of products which include 
biobutanol, propanol, hydrogen and propanoic 
acid. 
(i) Draw the structural formula ofpropanol 

and of propanoic acid. Show all the 
bonds. [2] 

(ii) Why is it important to develop these fuels, 
such as biobutanol, as alternatives to 
petroleum? [ l ] 

d How could you show that butanol made 
from petroleum and biobutanol arc the same 
chemical? [ l ] 

(Total: t3/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Ql November 2009) 



REVISION AND EXAM-STYLE QUESTIONS 

46 Petro leum is separated into uscfol fractio ns by 
di stillati on. 

fractions 

:1 (i) What do you understand by th e term 
fractioni [ l ] 

(ii) Which fractio n has the lowest boiling 
point? [ l ] 

(iii) Dcscri bc how distillation is used to 
separate these fractio ns. [2 J 

( iv) State a use fo r 
the paraffin fraction , 
the bitumen fractio n. [2 J 

b Ethcnc c m be made by cracking certain 
hydrocarbon fracti ons. 
(i) Explain what is m eant by the term 

cracking. [ 1 ] 
(ii) Com plete the equatio n fo r the cracking o f 

tct rad ccanc, C 14H 30 . 

c Ethano l is formed when steam reacts with 
cthcnc at high p ressure and temperature . A 
catalyst of phosphoric acid is used. 

c thcnc + steam :;;::=:: e than o l 

[ l ] 

(i) What is the functio n o f the catalyst? [ l ] 
(ii) What is the meaning of th e symbol :;;::=::? [ l ] 

( iii) Ethanol is also fo rmed when yeast 
grows in sugar solution. What is this 
process called? 
Put a ring around the co rrect answer. 

additio n combustio n fem1entatio n 
neutralisatio n [ l ] 

( iv) Phosphoric acid is a typi cal acid . State what 
you would o bserve when a solutio n o f 
phosphoric acid is added to 
blue litmus, 
a solutio n of sodium carbonate. [2] 

[Total: 13] 
(Cambridge /GCSE Chemistry 0620 Paper 02 

Q6 June 2008) 

4 7 There arc two types of po lym erisatio n - addition 
and cond ensatio n. 
a Explain th e d ifference between them. [2] 
b Po ly(dichloroethcnc) is used to package 

food . Draw its stru cture. The structural 
fo rmula of dichlorocthcnc is shown 
below. [2] 

CJ 
\ I 

c= c 
/ \CJ 

c The polym er kn own as PVA is used in paints 
and adhesives . Its stru ctural fo rmul a is shown 
below. 

- CH 2- 1H- CH 2- 1H 

OOCCH
1 

OOCCH
1 

Dedu ce the structural fo rmula o f its 

d A condensatio n polym er can Ix made fro m 
the following m o no mers. 

[ l ] 

HOOC(CH 2 )4COOH and H2N(CH 2 ) 6NH 2 

D raw the struch1ral fo rmula o f this polym er. [3] 
{Total: 8/ 

(Cambridge /GCSE Chemistry 0620 Paper 31 
Q8June2011) 



48 The alkancs arc generally unrcactive. Their 
reactions include combustion, substitution and 
cracking. 
a The complete combustion of an alkane gives 

carbon dioxide and water. 
(i) 10 cm3 of butane is mixed with 100 cm 3 of 

oxygen, which is an excess. The mixture is 
ignited. What is the volume ofunrcactcd 
oxygen left and what is the volume of 
carbon dioxide formed? 

c,H 10(s) + 60,(g)- 4CO,(g) + SH,O(i) 

Volume of oxygen left= __ cm3 

Volume of carbon dioxide formed = cm3 

(ii) Why is the incomplete combustion of 
any alkanc dangerous, particularly in an 

[2] 

enclosed space? [2] 
b The equation for a substitution reaction of 

butane is given below. 

CHrCHi-CHi-CH 3 + Cti ---+ 

CH,-CH2- CH2- CH2- C/+ HC/ [ l ] 

Theory 

(i) Name the organic product. [ l ] 
(ii) This reaction docs not need increased 

temperature or pressure. What is the 
essential reaction condition? [ l ] 

(iii)Writc a different equation for a substitution 
reaction between butane and chlorine. [ l J 

c Alkencs arc more reactive and industrially more 
useful than alkanes. 
They arc made by cracking alkanes. 

~H 16 ----> CH rCH=CH2 + CHrCH rCH=CH2 + H 2 

heptane propene but- l·ene 

(i) Draw the structural formula of the polymer 
poly(propcnc ). [2 J 

(ii) Give the structural formula and name of 
the alcohol formed when but-1-cne reacts 
with steam. [2] 

(iii)Dcducc the structural formula of the 
product formed when propcne reacts with 
hydrogen chloride. [ 1] 

(Total: 12/ 
(Cambridge /GCSE Chemistry 0620 Paper 31 

Ql November 2008) 
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monomers 226, 230 
monosaccharides 242, 248 
Montreal Protocol 109,222 
mortar211 
Moseley, Henry 33.136 
motor vehicles 

atmospheric pollution 182-3 
catalytic converters 110- 11 

nanotubes 222 
national grid 92 
natural gas 91, 92, 93 
neon 13, 143-4, 173 

structure 35, 38, 144 
uses 12,176 

neutralisation 120, 121, 129-32 
enthalpy of 97, 100 

neutrons 33-4, 56 
Newlands, John 135 
nickel 

as catalyst 110,177,224 
properties and uses 11, 144, 145, 165 

nitrates122,152 
test for 127,262 

nitric acid 14,123, 199 
nitrogen 35, 38,173,177 

properties 11, 12 
uses 175 

nitrogen cycle 181-2, 193 
nitrogen fixation 181, 193 
nitrogen(IV) oxide, test for 263 
nitrogen monoxide 182-3 
noble gases 143-4, 146 
non-electrolytes 72, 254 
non-metals 11, 30, 137 
non-renewable energy sources 93, 100 
normal salts 122,132 
nuclear fission 93, 100 
nuclear power 93-4 
nucleon number (mass number, A) 34, 

35, 56 
nucleus 33, 37, 56 
nylon 241 
'nylon rope trick' 260 

Octaves, Law of 135 
Oersted, Hans Christian 74 
oil 91, 92 
oil refining 89-90, 100,223 
'OIL RIG' mnemonic 75 
oleum 200, 203 
optimum temperature 178,193,200 
ores 157--8, 168 

extraction of metals from 157-60 
organic compounds 89,100,218,230 
oxidation 14, 30, 39, 56 

in electrolysis 73, 75, 85 

oxidation states 43-4, 57 
oxides 

amphoteric 156, 257 
of metals 152 

oxidising agents 14, 30, 44, 56,202 
oxygen 

in the atmosphere 172, 173-4 
isotopes 36 
properties 4, 11 
reaction with metals 151 
structure 12, 35, 37, 38 
test for 263 
uses 175,176 

ozone 172,193 
ozone depletion 108-9, 172-3, 221-2 

paracetamol 246 
particles 

Brownian motion 7 
collision theory 105, 107, 108, 110 
diffusion 6 
kinetic theory 2-3, 4 

particulates 183,192,193 
penicillin 246 
pentane 219 
peptide links 241,243 
percentage purity 6S-9 
percentage yield 68, 70 
periodic table 146,294 

development 135-6 
electronic structure and 138 
structure 136-7 
trends 137 

periods of periodic table 135, 137, 146 
permanent water hardness 187, 189, 

259 
perspex 228 
pharmaceuticals (drugs) 24, 246-7, 248 
phenolphthalein 117,124,129 
phosphorus 13, 38 
photochemical reactions 108 
photodegradable plastics 229, 230 
photographic film 109 
photosynthesis 97,109,172,193,212, 

215,242 
pH scale 118, 132,255 
physical changes 4 
pig (cast) iron 159, 165-6 
planets, composition of 

atmospheres 174 
plastics 50, 260 

addition polymers 226-8, 230 
condensation polymers 241-2, 243, 

247 
disposal 229 
electroplating 84 
thermosottening and 

thermosetting 228, 230, 260 
platinum 110,150,164 

polar molecules 234 
pollution 193 

INDEX 

atmospheric 110- 11, 182- 4, 192, 193 
ofwater76, 190,192,193 

polyamides 241,248 
polyesters 242 
poly(ethene) (polythene) 226, 228 
polymerisation 226, 230 

addition 226-8, 230 
condensation 241-2, 243,247 

polymers 226, 230, 260 
biopolymers 242-4 
see also plastics 

poly(propene) 228 
polysaccharides 242, 248 
polystyrene 228 
potassium 138-9, 256 

reactivity 13S-9, 150, 151 
structure 35, 38, 138, 140 

potassium dichromate(VI) 235 
potassium hydroxide 124 
potassium nitrate 122 
power stations 92, 183- 4 
pressure 

effect on boiling points 252 
effect on equilibrium processes 178, 

200 
effect on reaction rate 107 

products 60 
propane 219,220 
propanoic acid 237 
propanol 233,235 
propene 223 
proteases 112, 236 
proteins 243-5, 248 
proton number (atomic number, Z) 34, 

35, 56 
protons 33-4, 56 
PTFE (poly(tetrafluoroethene)) 226-7, 

228 
purity of substances 5, 24, 68-9, 252 
PVC (polyvinyl chloride) 226-7, 228 
Pyrex 54 

qualitative analysis 261-3 
quartz 50 

radioactive waste 93 
radioactivity 35, 56 
radioisotopes 35, 56 
radon 13, 143 
Ramsay, Sir William 143, 144 
Rayleigh, Lord John William Strutt 143, 

144 
reactants 60 
reacting masses 59-60 
reaction rates 104, 114,255 

effect of catalysts 109- 11 
effect of concentration 107-8 



INDEX 

effect of light 108-9 
effect of pressure 107 
effect of surface area 105-6 
effect of temperature 108 

reactivity series 150, 153-5, 168, 257 
recycling 161,166,168,229 
redox reactions 14, 30, 39, 44 

examples 44, 154, 155, 215, 251 
reducing agents 14, 30, 44, 56 
reduction 14, 30, 39, 57 

in electrolysis 73, 75, 85 
relative atomic mass (A,) 37, 57, 59, 61 
relative formula mass (RFM) 59, 70 
relative molecular mass (M,) 62, 70 
renewable energy 93, 100 
residues 18, 30 
respiration 172,212,215,236,247 
reversible reactions 120,128,177, 193, 

200,258 
R1values 23, 30 
rock salt 158 
rubidium 138,157 
rusting 161,168,258 

prevention of 161 -3, 168 
Rutherford, Ernest 33, 136 

sacrificial protection 163-4 
safety251 
salicylic acid 238 
salt see sodium chloride 
salt hydrates 127-8, 132, 256, 257 
salts 122,256 

preparation 123-5 
solubility 129,256 
tests for 126- 7 

saponification 239, 248 
saturated hydrocarbons 218,230 
saturated solutions 19, 30 
scum 188,240 
separating funnels 20-1 
separation of mixtures 253 

liquid/liquid mixtures 20-2 
solid/liquid mixtures 17-20 
solid/solid mixtures 22-4 

sewage treatment 191-2 
silver 11,150,157, 160 
silver bromide 109,122 
silver oxide 152 
simple molecular structures 49, 57 
slag 159,208 
slaked lime see calcium hydroxide 
soapless detergents 188,203,240,248 
soaps 239-40, 248, 260 

hard water and 188,259 
soda glass 54, 209 
sodium 12, 138-9, 149,256 

extraction by electrolysis 158 
reactivity 138-9, 150,151,153 
structure 35, 38, 39, 138, 140 

sodium carbonate 14,122,127 

sodium chloride 4, 122 
electrolysis 78-9 
extraction from sea water 19 
ionic bonding 39-40 
structure 2, 3, 41, 42 

sodium hydrogencarbonate 126,215 
sodium hydrogensulfate 127 
sodium hydroxide 14,121,124 

reaction with hydrochloric acid 121, 
124, 129-31 

reaction with sulfuric acid 131-2, 
201 

tests for metal ions 80, 155-6, 262 
uses 79 

sodium nitrate 152 
sodium stearate 122, 188,239 
sodium sulfate 125,127 
sodium thiosulfate, reaction with 

hydrochloric acid 107-8 
solid/liquid mixtures, separation 17-20 
solids 2, 3, 8 

changes of state 4, 5 
solubility 17, 30 

solid/solid mixtures, separation 22-4 
sols 26, 27, 30,253 
solubility 30,125,129,132 

of salts 129,256 
of solids 17, 30 

soluble bases 124 
soluble salts 123-5 
solutes 17, 30 
solutions 17, 30 

calculating moles 63-4, 67-8, 69 
concentration of 63-4, 67-8 

solvent extraction 23-4 
solvents 17, 30 
Sorenson, Soren 118 
sparingly soluble substances 125 
spectator ions 121 
spectroscopy 15- 16 
spot tests 126-7 
stalactites and stalagmites 188 
starch 242-3, 260-1 
states of matter 1-3, 8, 15, 251 

changes of state 4-5, 97-8, 252 
steam re-forming 177 
steel 

production 165-6, 208 
recycling 166 
rust prevention 161-3 
types 166 

stopwatches 25 
stratosphere 171,172,173,193 
strong acids 120, 132 
strong alkalis 121,132 
strontium 36, 140 
structural isomerism 220 
sublimation 5, 8, 22, 252 
substitution reactions 221,230 
sugar (sucrose) 

extraction from cane 23-4 
reaction with concentrated sulfuric 

acid 202 
sulfates 122,201,203 

tests for 126,132,201,262 
sulfites, test for 262 
sulfur 12,197,259 

properties 4, 11, 197 
reaction with iron 15, 16- 17 
structure 35, 38 

sulfur dioxide 183-4, 197-9 
test for 263 

sulfuric acid 14,259 
manufacture 199-200 
as oxidising agent 44 
properties 201, 202-3 
reaction with copper(II) oxide 125, 

201 
reaction with sodium hydroxide 131-

2, 201 
uses 200-1 

sulfurous acid 120 
supercooled liquids 54, 57, 253 
surface area, effect on reaction 

rate 105-6 
suspensions 18 

tapping off 159 
temperature 

during changes of state 4, 5 
effect on equilibrium processes 178, 

200 
effect on reaction rate 108 
measurement of 25 

temporary water hardness 187, 188, 
259 

Terylene 241-2 
theoretical yield 68 
thermal cracking 223, 230 
thermal decomposition 97,209,211, 

215,256 
Thermit reaction 154, 257 
thermometers 25 
thermosoftening and thermosetting 

plastics 228, 230, 260 
thermosphere 171,173 
time, measurement of 25 
tin(II) fluoride 122 
titration 124, 129-32, 256 
transition elements 136, 137, 144-6, 257 
transpiration 187, 193 
trends 137, 138-9 
Triads, Law of 135 
troposphere 171,173,193 

universal indicator 118 
unsaturated fats 224 
unsaturated hydrocarbons 223, 230, 260 

test for 225,230 
uranium 35, 36, 93 



valency (combining power) 43, 44-5, 
57 

Valium246 
vanadium(V) oxide, as catalyst 110 
van der Waals' bonds (forces) 49, 51, 

218 
vaporisation, enthalpy of 97-8, 100 
verdigris 164 
vitamin C (ascorbic acid) 120,239 
volume, measurement of 26 
von Liebig, Justus 119 
vulcanisation of rubber 197 

washing soda 189 
water 1,171, 184-5, 259 

electrolysis 77~, 185 
extraction from salt water 20 

hardness 187-9, 193,259 
properties 4, 185-6 
reaction with ammonia 121, 179-80 
reaction with metals 151,256 
structure 13-14, 47, 48 
test for 185,263 

water of crystallisation 127-9, 132 
water cycle 186-7, 193 
water pollution 76,190,192,193 
water treatment 28, 190--1 
weak acids 120- 1, 132 
weak alkalis 121,132 
weak electrolytes 72,254 
Wiener, Norbert 7 
Winkler, Clemens 136 
WOhler, Friedrich 74, 157 
wood 28, 29 

INDEX 

xenon 13,143, 173 
X-ray diffraction (crystallography) 2-3, 

40- 1, 57 

yeast 236 
yoghurt production 113 

zinc 35, 145 
extraction from ore 160 
properties 11, 144, 150 
reaction with copper(II) nitrate 155 
reaction with sulfuric acid 201 
test for salts 80, 262 

zinc blende 158,197 
zinc hydroxide 156 
zinc oxide 156, 160 
zinc sulfide 160 
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