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About this book

This book has several features to help you with [GCSE Chemistry,

Introduction

Each chapter has a short intreduction to help
you start thinking abous the topic and let you
kaw what = in the chapier

Chapter 2: Atomic Structure
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Margin boxes

The boxes in the margin give you extia

belp o information. They might explain
something in a litthe roee detail of guade pou
to linked topics in other pars of the book.

End of chapter checklists
These hsts syrmmanse the mawenal in the
chapser. They could alsa help you to make
revisan notes because they form & Ist of
things that you need to revse {You need to
chock your specdication to find out exactly
what you need 10 know )
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Questions f
Thete are short questions at the end of each chapter. These help you
Lo st your understanding of the material from the chapter. Sorme
of thern mury abko be research questions - you will peed 1o use the
Intemet and other books to answer these
There are alse questions at the end of each section. The end-of-<ection
questians are written in an exam stde and cover Topics from all the

chapters in the section







Section A: Particles

Chapter 1: Kinetic Theory and Diffusion

Q Everything around you is made of

: particles so small that you can't
see them, This chapter looks at the
arrangement of particies in solids,
liquids and gases, and the ways

in which the particles can move
around. The nature of the different
sorts of particles will be explored in .
Chapters 2-4. =

Flpure 1.7 Fwirything you Joak ar 5 a salig, ligu Flgure 1.2 metals, concate, watey, ak, dowds
ar gas owrything!

Solids, liquids and gases

The arrangement of the particles

Think about these facts:

-
® You can't walk through a brick wall. but you can move (with some resistance) &
through water. Moving through alr is easy. Water 15 very unusual in that sohd water (ion) a
) ) ) is less dense than the liquad, and so ice floats 2
® When you melt most solids. their volume increases slightly. Most liquids are less on water Far almast everything else. the v}
dense than the solid they come from. calid will sink in the liguid.
A

@ |l you boil about 3cm® of water. the steam will fill an average bucket.

The arrangement of the particles in sofids, liguids and gases explains these Tcts.

The particles are drawn as spheres, but they
R might be ary shape. The packing in the
salid mght be completely different - what
1s important is that the partcles are close
Q O together and, in most cases, regulary packed.
s When you diaw a gas keep the particles well
separated. A typical gas will have particles
Figure 1.3 The arrangement of particfes i cfferent 2ates of malter about 10 molecular dameters away lrom
each ather
[n a solid. the particles are osely, and often regularly, packed, The only movement o
the particles ave is vibration. You can't walk through o brick wall because the
particles lave strong loroes of attraction between them, and they can't move out of
Your way,

!

Saa®

In a liquid, the particles are still mainly touching, but some gaps have appeared.
Liguids are usually less dense than the solid because of this. The forces between the
particles are less effective, and the particles can move. You can swim through water
because you can push the particles aside.

In a gas, the particles are much further apart and there are almost no forces of

attraction between them. 1t is casy to move through a gas becavse of all the spaces
between the particles,




Chapter 1: ¢

Iaster par
from m

Flgure 1.6 Ewaparation

ticles escaping
to form a gas

Changes of state
Solids, liquids and gases are known as the three states of matter.
Changing state between solid and liguid

If you heat o solid. the energy makes the particles in it vibrate faster and faster,
Eventually. they vibrate et enough that the forces of attraction between the
particles are no longer strong enough to hold them together. The solid melts to a
liquid. The temperature needed 1o melt the solid is olwiously its melting point.

-
meiting g
— ) "7
freezing 8 ;
- ¢!

liguid

Figure 1.4 Meling to become a hguad - and fraezing (o became a salid

1f the liguid is cooled again. the liguid particks will move arcund more and more
slowly. Eventually. they are moving stowly enough that the forces of attraction
between them will hold them into a solid, The liquid freezes. The temperature
reeded for this is obviously the (reezing point.

Although they are called different things depending on which way you are going,
melting point and freezing point are exacily the same temperature,

Changing state between liquid and gas
There are two different ways this can happen - evaporation and baoiling,

Bolling happens when the liquid is heated so strongly that the particles are moving
fast enough to break all the forces of attraction in the lguid. The Hguid boils.
Bubbles of gaseous particles are formed throughout the whole Hquid and rise to the
surface. forming a gas. If the gas s cooled, the particles eventually move slowly

enough that attractions between them hold them as a liquid. The gas condenses.

ﬁ boling e o]

e
condensing o o

liguid s

&
L

Figure 1.5 Boiling (o became o gas - ard condenung to become o bhgud

Evaporation is diflerent, In any liquid or gas, the iverage speed of the particles
varies with the temperature, But at each temperature, some particles will be
moving faster, others more slowly, than the average.

Soaree very fast particles on the surface of the liquid will lave enough energy to
break away to form a gas — that's evaporation, You don't see any bubbling: Hgukd
just slowly disippears i the Hguid is operr 1o the alr, I i8S ina closed container.
particles in the gas will also be sticking back 1o the liquid surface again. The
particles breaking away and those rejoining the surface end up in balance. There
will be a roughly constant number of particles of gas over the top of a liquid in a
closed container.



Changing state between solid and gas = sublinstion

A small number of substances have the ability to chunge directly from solid 1o gas, or
vice versa, without involving any Ikjuid on the way. This ks known as sublimation.

Heating, ammonium chloride crystals in a test tube is o simple example in the lah
The white crystals gradually disappear from the bottom of the test tube and
reappear further up, where the tube is cooler, There is a chemical reason for this,
which you will tind described on page 125,

Another example is carbon dioxide, At ordinary pressures, there is no such thing as
liquid carbor dioxide, It turns stradght from a solid 1o o gas at =78 °C, Solid carbon
dioxide ks kevown as dey loe,

In the photograph, notice the white solid carbon dioxide in the beaker. The white Figure 1.7 Heating amwnanium chiaride
clowd appears because the carbon dioxide gas produced is so cold that it causes
rater vapour in the air to condense. Carbon dioxide gas itself is invisible.

Diffusion
Diffusion in gases

Suppose someone accldentally releases some smelly gas in the lab - ammonia,
perhaps. Within a minute or so. evervbody in the lab will be able to smell i1, That
i=n’t surprising - particles in the gas are free to move around. What does nead
explaining. though, s why it takes so long.

At room temperature, ammotia particles travel at speads of about MO m/s, In the
time that it takes lor the smdl to reach all corners of the lab. cach ammonia
particle may have trivelled 30 or more kilometres! Each particle is bouncing off
endless air particles on its way

Chapter 1:

. AmMmonia

O ar

Figure 1.8 Ory ice sulVming

Figure 1.9 An ammona patrle bourcing off air parfickes

The spreading out of particles in o gas or liquid is known as diffusion. You can say
that ammonia partickes diffuse through the air

You can show diffuston in gases very easily using the apparatus in Figure 1.10. The
lower gas jar contains bromine gas; the top one contains air. If the likds are
remaoved, the brown colour of the bromine diffuses upwards until both gas jars are
uniformly brown. The bromine particles and air particles bounce around at
random 1o give an even mixture,

You can do the same thing with hydrogen and air, except that you have to put a
lighted splint in at the end to hind out where the gases have gone. People often
expect that the very light hydrogen will all end up in the top gas jar. In fact, you

will get identical explosions from both jars, Flgure 1,10 Demansiravng dWfiman in gases




Doa't worry ff you don't know how to winte
symbol equations s ncluded bere <o that
you can refet back 1o it in ey reasion.

Chapter 1: }

-2 jar
of water

smal jar of strongly
coloured solution

Figure 1.32 Demanstrating diffusian m hguids

Why the nverted commas around parncle?
Potassivm manganate( V1) is an iamc
compond and containe more than one
sort of particke. Yau will find out more about
ionic compaunds n Chapters 3 and 4

Showing thar particles in dillerent gases travel an different speeds

This experiment relies on the reaction between ammonta and hydrogen chloride
aases 1o give white solid ammoniom chloride:

NH,(g) + HCI(g) — NH,CKs)

Eits of cotton wool are soaked in concentrated ammonia solution {as a source of
ammonia gas) and concentrated hydrochloric ackd {as a source of hydrogen
chloride gas). These are placed In the ends of a long glass tube with rubber bungs
to stop the poisonous gases escaping,

cotan woal seaked In coran waol saaked In
cr.vlncemrated ammonia salution concentrated hydrochlork acid
1
3\
T A
white ring lorms closer to
the Iydrochioric add ervd

Figure 1.11 Semanstrating that partickes in ammonva and hydragun chionde trawd at different speeds

The white ring of ammoniuom chloride takes a little time to form {depending on the
length and diameter of the tube), and appears closer to the hydrochloric acid end.,
In the time it takes lor the ring to form, the ammonia particles have travelled
further. That's because their speed is higher,

Ammonia particles are lighter than hydrogen chloride particles. Light particles are
Jaster than heavier ones.

Diffusion in liquids

Diffusion throngh a liquid &s very slow if the lquid s totally still. For example. if a
small jar of strongly coloured solution {suck as potassium manganate! VI
solution) s left to stand in a gas jar of water. It can take days for the colour to
diffuse throughout the whole of the water. This is because there are only small gaps
between the Hguid particles for other particles to diffuse into.

Showing that the particles are very small

Suppose you dissolve 0,1 g of potassivm manganatel VILin 10cm® of water 1o give
a deep purple solution. Assume that the smallest drop you can seeis 1/ 1OMM0em?,
The whole solution will be made up of 10,000 drops. So each drop will contain
000001 g of potassium manganate(VII).

Suppose vou dilute this down 10 times by taking 1. cm’ of the solution and making
it up to I0cm* with more water. Now continue doing this until the colour is too
faint to see. Perhaps you can still see some colour after you have diluted the
solution a total of Hve times, but not after the sixth dilution,

3y the time of the filth dilution, each drop will only contain a billionth of a gram of
potassum manganated VI, IF you only needed one 'particle’ of potassium
mangamatel VI per drop in order to see the colour, the "particle’ can't weigh more
than a billionth of a gram (0,.000000001 2).

Is this & good answer? Nowhere near it! A potassinom manganate! VI “particle’
actually welghs about O.ONAOODDONOODRMNOOODNN26 ¢ ! In reality. you need
hiige numbers of particles in each drop in order to see the colour.



End of Chapter Checklist

You should now be able to:

/' draw simple diagrams to show the arrangement of the particles in solids, liquids and gases
understand that heating a substance makes the particles vibrate (solid) or move (liquid or gas) faster
explain what happens in terms of the particles when a solid is heated until it becomes a gas
understand what is meant by melting, freezing, boiling, condensing and subliming, in terms of the

SN A

particles present

NS

diffuse faster than heavy ones

\

v describe a simple dilution experiment to show that the particles are very small.

Questions

1 What name is given ta each of the fallowing changes of state?

a) solid to liquid; b) liquid to solid; ¢) solid to gas; d) gas to
solid.

2 a) Draw simple diagrams 1o show the arrangement of the
particles in a solid, a liquid and & gas,

b) Describe the difference between the movement of the
particles in a solid and a liquid.

c) The change of state from a liquid to a gas can be either
evaporation or boiling. Explain the difference between
avaporation and boiling.

d) Some liquids are stored in sealed battles for a very long
time - decades or more. Explain wivy they don't
evaporate

3 The questions refer to the substances in the table below.

Melting point ('C)  Bolling point ('C)
A -259 | -253

8 (] | 100

C 3700 (sublimes) | e

D -116 . 345

E 01 1413

a) Write down the physical states of each substance at 20°C.

b) Which substance has the strongest attractions between its
particles? Explain your answer.

¢) Which substance has the weakest attractions between its
particles? Explain your answer.

understand the difference between evaporation and boiling
understand what is meant by diffusion, and describe an experiment to show that light particles

explain why diffusion in liquids is slower than in gases

d} Which substance has the greatest distance between its
particles at 20°C? Explain your answer.

e) Why is no bailing point given for substance C?

N Which liquid substance would evisporate most quickly in
the apen air at 20°C7 Explain your answer,

Refer to Figure 1.11, which shaws the diffusion experiment.

a) Explain why the ring takes a little ime to form.

b) 1f you beut a gas, what effect will this hive on the
maovement of the particles?

c) In the light of your answer to (b), what difference would
you find if you did this expenment outside on a day when
the temperature was 2°C instead of in a warm lab at
25°C7 BExplain your answer.

d) Explain why the ring was formed nearer the hydrochloric
acid end of the wbe

Suppase you replaced the concentrated hydrochloric acid
by cancentrated hydrobromic acid. This releases the gas
hydrogen bromide. Hydrogen beomide also reacts with
ammonia ta form a white ring,

e) Suggest a name for the white ring in this case.

f) Hydrogen bromide particles are about twice as heavy as
hydrogen chloride particles. What effects do you think
this wauld hiave on the experdment?

Design a ample experiment, giving full practical details, which
would let you compare the rates at which two strangly
coloured solutions diffused through water. At each stage, think
about exactly what problems might anse in carrying out the
experiment, and say clearly how you would avercome them.




Chapter 2: Atomi

Section A: Particles

This chapter explores the nature of
atoms, and how they differ from
element to element. The 100 or so
elements are the building blocks from
which everything is made - from the

simplest substance, like carbon, to the
most complex, like DNA. /

go around in pairs described in Chapter 3,
pege 16

You will firnd the rezson that oxygen atoms |

Chapter 2: Atomic Structure

Copper is an element. II you iried 1o chop it up into smaller and smaller bits,
eventually you would end up with the smalkest possible piece of copper. At that
podnt you would have an individual copper atom. You can, of course, split that into
silll searller pleces (profons, nentrons amd electrons), but you would no longer hawe
copper.

Flgure 22,  or natural, they are all made up of
combinations of the rame clemants

pr— . |

Figure 2.3 New atams are produced m gars

Figure 2.4 ar i nuchear procesies ke nuciear
bombs, nuckear reaclors or radioactive decay

Chemistry just rearranges existing atoms. For example, when propane bumns in
oxygen, existing carbon, hydrogen and oxvaen atoms combine in new ways (Figure

L @@
@wgm W)+9)93

axyzen carbon Ommk waler

propare

Figure 2.5 Propane bumwng i axpgen



The structure of the atom

Atoms are made of protons, neutrons and elevtrons,

The nucleus of the stom containg You may have come across diagrams of
protans and neutrons. It Is shown the atam inwhech the electrons are dmwn
highly magrified In this diagram, ::'I:r‘;t;me:':’;onw:n orbeting the nucleus, mther ke planets

In realicy If you scaled a hebum rudeus, In chis case, they around the Sun. This is msleading

atorn up 1o the size of a sports are found most of the ome I 15 Impassible to know exactly how the
hall, the nucleus would be no mare semewhere in the shaded olections are maying in an aom, All you can
than the sze of a grain of sand. red area, tell is that they haye a partscular energy, and

that they are likely to be found in & cortam
region of space &t some particular distance
fram the nucleus Electrons wath different
enerpies are found at diffiorent distances
from the nucleus

N

A helium atom

Flgure 2.6 The structure of an atom

Virtually all the mass of the atom is concentrated in the nuckeus, because the
clectrons weigh hardly anything.

The masses and charges are measured redative 10 each other because the actual
vitlues are incredibly small. For example, it would take about
GO0, 000,000,000, 000,000 000,000 protons 1o weigh 1g

~
~
=]
—
a
)
L
o

Atomic number and mass number

The number of protons in an atom is called its atomic nomber or proton
number. Excli of the 100 or so different elements has a different number of
protons. For example, il an atom has eight prodons. it must be an oxygen atom.

Atomic number = number of protons

The mass number (sometimes known as the nucleon number) counts the total
numbers of protons and nevtrons in the nudeus of the atom,

Mass number = number of protons + number of neutrons

For any particular atom, this information can be shown simply as, for example:

mass number counts s 9 Be careful! When you are wiiting symbals
protons + heutrons with two lettess in them, the lirst is 2 capital
letter, and the second must be lawer case
<+— symbol for you write 'CO’, you are talking about carbon

element monoxids, nat cobalt.

atomic number ot .- '2 7 ~e——
the number of protons

This particukar atom of cobalt contains 27 protons. To make the total number of
protons and neutrons up to 39, there must also be 32 neutrons.



Chapter 2

Figure 2.8 Despile carbon dating, there s still
comiderable controversy about the age of the
Trin shrowd

Remember that the number of protons is the
same as the atomic number of the elemen:

Isotopes

The number of neutrons in an atom can vary slightly. For example, there are three
kinds of carbon atom, called carbon-12, carbon-173 and carbon-14. They all have
the same number of protons (because all carbon atoms huave 6 protons — its atomic
number|, but the number of neutrons varies. These diffcrent atoms of carbon are
called isotopes.

12 13 14

Gc éc éc
e % ¥

& procons & protons & protans
& reutrans 7 neutrons 8 neutrons

@ proton @ neutron

Figure 2.7 The nucle of the three 1satopes of carban.

Isotopes are atomes thar have the scome atomic number, but different mass numbers,
They have the same number of protons, but different numbers of neutrons.

The fact that they have varying numbers of neutrons makes no difference
whatsoever 1o their chemical reactions. The chemical properties are governed by
the number and arrangement of the clectrons and. as you will see shortly: that is
identical for all three isotopes.

A radioactive isotope

Carbon-14 is radioactive. [ts nudeus is unstable and radiation is released as it
reorzanises into a more stable form. The radiation given off by carbon-14 is used in
4

carbon dating. The nudei of the carbon-12 and carbon-1 3 isotopes are perfectly
stable, and so these aren't radioactive.

If you are interested you could do an internet scarch on 'tourin shroud' to find out
how carbon dating was used to determine its age, and why there is still controversy
about it.

The electrons
Counting the number of electrons in an atom

Atoms are clectrically neutral, and the positiveniess of the protons is balunced by
the negativeness of the electrons, In o neutral atom. it follows that;

Number of electrons = number of protons

So, i an oxygen atom Gromk number = 8) has 8 protons. it must also bave 8
electrons; il a chlovine atom (atomic number = 17) kas 17 protons. it must also
have 17 electrons.

You will see that the key leature in this is knowing the atomic number. You can lind
that from the Periodic Table.



Atomice number and the Periodic Tahle

Atoms are arranged in the Pertodic Table in order of increasing atomic number.
You will find a full version of the Periodic Table on page 226. Most Periodic Tables
have two numbers against each symbol - be careful to choose the right one. The
atoinic number will ahways be the sinaller number. The other number will be either the
mass number of the most common ksotope of the element, or the relative atomic
mass of the element. The Table will tell you which.

You use o Periodic Table 1o lind out the atomic mumber of an element and therelore
how many protons and electrons there are in its atoms,
The arrangement of the electrons

The electrons are found at considerable distances from the nuckus in a series of
levels called energy levels or shells, Each energy bevel can only hold a certain
number ol electrons, Low energy levels are always filked before higher ones.

Q00 QOO0 thidlenm wormetimes appesrs fll with
8 electrors but can expand
w atotal of 18
Increasing
erergy and 00090000 ccondiewml only room for B electrons
distance from
nucleus
o9 first bevel only room for 2 electrons

(not to scale)
Figure 2.9 The different energy levels of electrons,

How to work out the arrangement of the electrons
We will use chlorine as an example.

® Look up the atomie number in the Perlodic Table. (11 you have & choice. make
sure you dom't use the wrong number. The atomie number will alwiays be the
smadler one, )

The Periodic Toble tells you that chiorine’s atomic monber is 17.

® This tells you the number of protons. and hence the number ol electrons, The
number of electrons is equal to the number of protons
There are 17 protons, and so 17 electrons in o neutral chlorine atom.

® Arrange the electrons in kevels, always llling up an inner tlower encray) kevel
before vou go to an outer one. Remember that the birst level can take 2 electrons,

the second one can take 8, and the third onc (for the simple cases you will meet)
also takes 8.

These will e arranged 2 in the first Tevel, 8 in the secoosd Tevel aod 7 in the third level,
This is writtenras 2, 8, 7. When you have finished, obways cheek to imake sure that the
electrons add up to the right nwimber — in this case, 17,

Chapter 12 |page 95) deaks in detail with
what you nesd o0 know abous the Penodic
Table for GCSE purposes

Relatrve atomic mass & explained in Chapeer

22 on page 176
~

The dagam shows the maximum number
of etectrons that each energy level can hold
Ihe therd level can expand 1o hold a 101l of
18 electrors, but this is & problem beyond
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Dont just accept Higure 2101 Use the
Periodic Table on page 226 and work out
each of these electionic suuctures for
yourzelf (preferably in a random order to
make it more difficult). Check your answers
when you have firsshed

The first 20 elements in the Periodic Table

group  group group Eroup Eroup  group  group  group
| 3 4 5 6 7 0

H He

This idea of Tull' levels is best avoided. If you
carry i thraugh to a higher level of chemistry,
you will gve yoursell real problems

[ 2
Li | Be B| C|N|O/|F |Ne
21 | 22 23 | 24 | 25 | 26 | 27 | 28
Na | Mg Al | Si | P | S CI|Ar
28,1 | 282 283 | 284 | 285 | 286 | 287 | 288

K | ca é g
2881 | 2882 .

10 more elements
Flgure 2.10 The afectranie arrangements of the firit 20 efements in the Penogic Tadl

Vertical columns in the Perlodic Table are called groups. Groups contain elements
with similar properties. Their similarity depends on the fact that (apart from
hellum) elements in the same group have the same number of electrons in their
outer levels. These are the electrons which normally get involved when the
elements bond to other things.

There are two important gencralisations you can make:

@ The number of electrons in the outer levad is the same as the group number for
groups 1-7,

This pattern extends night down the Periodic Table for these groups.

Se il you know that barium is in group 2. vou know it has 2 electrons in its outer
level. lodine Igroup 7 has 7 electrons inits outer level, Lead {group 4) bas 4
electrons in its outer level. Working out what is in the inner levels is much more
difficult, The simple patterns we have described don’t work beyond calcium

@ The elements in group O have 8 electrons in their outer levels (apart from
helium. which has 2).

These are oftenn thought of as being “full’ levels. This is true for heltum and neon,
but not for the elements from argon downwards, For example, the thind encrgy
level will eventually comtain 18 electrons.

The group O elements are kivown as the noble gases because they are almost
completely unreactive — in Gt the three at the 1op of the group from helivm 1o
argon don't react with anything. This lack of reactivity is associated with their
electronic structures — ofien described as noble gas structures,

Drawing diagrams of clectronic arrangements

The clectrons in their various energy kvels can be shown by drowing circles with
dots or crosses on them showing the ehectrons, [tdoesn't matter whether you draw
dots or crosses,

Hydrogen has one electron ard helium has two in the frst level.
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Figure 201 Electronic atrangements of hydrogen and hellam

The helium electrons are sometimes shown as a pair 1as herel. and sometimes as
two separate electrons on opposite sides of the circle. Either form is acceptable.

The next four atoms are drawn like this:
Drawing circles ke this does not imply that

the elections are orbiting the nudleus along
the circles.
m The cirdles represent energy levek. The
f g \ | further the kevel is from the nucleus, the
‘ Li | | | Be # . B # C/ hugher its enevgy
\_ For theorencal reasons, it & iImpossible to
W work cut exactly how an elecuon is moving

Flgure 2.32 Eiectranic arrangements of lthsim, berylium, boron and carban

in that energy level
~ermrawey

The electrons in the second energy level are drawn singly up to a maximum of 4.
After that. palr them up as necessary. It makes them much easter to count. More
importantly, it gives a much better pieture of the avatlability of the electrons in the
atom for bonding purposes. This is explored in Chapter 3.
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Figuare 2.33 Electrone arangaments of mizogen, uxygen, farine and neon

The atoms in the Periodic Table from sodium o argon [l the third level in exactly
the same way, and potassivm and calcium start to fill the fourth level,

Potassium and calchom will look Hke Figure 2,14,

Figure 2.14 Eiactronm arrangsynents of potassum and caloum



End of Chapter Checklist

You should now be able to:

./ state the relative masses and charges of protons, neutrons and electrons
v understand what is meant by atomic (proton} number and mass number
v explain the existence of isotopes

v know that the nucleus contains protons and neutrons, and that the electrons are found in a series
of energy levels

v work out the arrangement of the electrons in the first 20 elements in the Periodic Table

v know that for elements in groups 1-7, the number of electrons in the outer level is the same as the
group number

v~ know that noble gases have full (or temporanly full) outer levels.

Questions

You will need to use the Periodic Table on page 226. 6 The questions refer ta the electronic structures below, Dont
worry If some of these are unfamiliar ta you, All of these are

Fluori
1 Fluorine atoms have a mass number of 19. ths elicenhic ShRsEkTas A il aboms:

a) Use the Periodic Table 1o lind the stomic number of A 2.4
fluarine, B 288
C 2818187
b) Explain what mass number means. D 281818 8
¢) Write down the number of pratons, neutrons and E 2,882
electrons in a fluorine atom. F 2,818,32184
d) Draw a diagram ta show the arrangement of electrons in a) Which of these atoms are in group 4 of the Periodic
the fluorine atom. Table?
2 Woark out the numbers of protans, neutrons and electrars in b) Which of these structures represents carbon?
e Of S TONOMNG Mame: c) Which of these structures represents an element in group
56 93 235 7 of the Perniodic Table?
a) _ Fe b) . Nb c) A
26 4 92 d) Which af these structures represent noble gases?
3 Chlorine has two Isotopes, chilorine-35 and chlonne-37. e) Narne element E
a) What are isotopes? f) How many protons does element F have? Name the
b) Write down the numbers of protons, neutrons and element.
electrons in the two isotopes, g) Element G has ane more electron than element B. Draw a
€) Write dawn the arrangement of the electrons in each of d(lagmn; (‘30 show haw the electrons are arranged in an
atom o

the two Isatopes
4 Draw diagrams to show the arrangement of the electrons in
a) sodium, b) silican, ¢} sulfur.

5 Find each of the following elements in the Periodic Table, and
write down the number of electrons in their outer energy
level: a) arsenic, As, b) bromine, Br; ¢} tin, Sn; d) xenon, Xe.



Section A: Particles

This chapter looks at what happens
when atoms combine together -
whether into small groups or into very
large ones.

B — - -+
Figure 3.1 The elements sodwm and ciiorme are Figure 3.2 Water has completaly different

dangerous, the compound sodium chloride (salt) propeies from s efements, Aydrogen and axygen
=t

Sodinm is a dangerously reactive metal. It is stored under ol to prevent it reacting
with air or water. Chlorine is a very poisonous, reactive gas.

But salt, sodium chloride. is safe to cat in small quantitics. Combining the clements
to make salt obviously changes them signiticantly.

A mixture of hydrogen and oxygen gs would explode violently il you keld o lighted
maich: 10 it Dropping o lighted match into warer (a compound of Typdrogen and
oxyger | doesn't canse a literally Earth-shattering explosiorr,

Reacting the elements to make a compound has again made a huge difference to
them.

Covalent bonding
What is a covalent bond?

In amy bond, particles are held together by electrical attractions betweern something
posttively charged and something negatively charged. In a covalent bond. a pair of
electrons ks shared between two atoms. Each of the positively charged nucled s
attracted to the same negatively charged pair of electrons.

A and B in Figure 7.3 are held together by this shared attraction.

nudews af A iz nicleus of B is

atrracted o the alzo actraceed to

clectron pair the electran pair

P In mast of the smple exarmples you will
) Q B meet at GCSE, each atom in a covalent band

[+ supplies one election to the shared pair
! of electrons. That daesnt have to be the
shared pair of electrons case. Both electrons may come from the
{one from each atom) suTe atorm

“—
Figure 3.2 A cowalent bang

Chapter 3: £



H H

Figure 3.4 A dots-and-craswes diagram for
hydrogen

Figure 3.5 Covalent bonding in hpdrogen chionde.

Warning! At GCSE prople requertly talk
about stoms wanting' to lorm noble gas
structures. This is norsemse! Avoid thinking
abaout itin this way

Covalent bonding in a hydrogen molecule

Covalent bonds are often shown using “‘dots-and-crosses” diagrams. Although the
clectrons are drawn as dots or as crosses, there is absolutely no difference between
them in reality: The dot and the cross simply show that the electrons have come
from two different atoms. You could equally well use two different colourad dots. or
two different coloured crosses.

Both hydrogen nuckd in Figure 3.4 are strongly attracted to the shared pair of
clectrons,

The covalent bond between two hydrogen atoms Is very strong. Hydrogen atoms
therefore go around in pairs called & hydrogen molecule, with the symbol H .

Molecules comtain a certain fixed number of atoms. which are jeinad together by
covalent bonds. Hydrogen molecules are said to be diatomic because they contain
two atoms, Other sorts of molecule may have as many as thousands of atoms
joined together

Why does hydrogen form molecules?

Whenever a bond is formed (of whatever kind). energy is released. and that makes
the things involved more stable than they were before. The more bonds an atom
can form, the more energy is redeased and the more stable the system becomes.

In the case of hydrogen, cach hydrogen atom has only one clectron 1o share, so it
can only form one covalent bond, The H, molecule is still much more stable than
two separate hydrogen atoms,

Covalent bonding in a hydrogen chloride molecule

The chlorine atom bas one unpaired electron in its outer level, which it can share
with the hydrogen atom to produce a covalent bond,

Notice in Figure 3.5 that only the electrons in the outer energy leve of the chilorine
are used in bonding, In the examples you will meet af GCSE, the inner electrons
never get usad. In fact, the inner electrons are often left out of bonding diagrams.
But be careful! In an exam, only leave out the inner electrons if the question tells
Vo to.

The significance of noble gas structures in covalent bonding

If you look at the arrangement of electrons around the chlorine atom in the
covalently bonded molecule of HCH(Figure 3,51 you will see that its structure is
now 2.8, 8. That is the same as an argon atom, Similarly, the bydrogen now has 2
electrons in its outer level — the same as helium.,

Does that mean that the hydrogen has turned into helium, and the chlorine has
turned into argon? No — the number of protons in each nucleus hasn't changed,
and it is the number of protons that defines what an atom is.

At GCSE. formation of covalent bonds producing noble gas structures is quite
common. When atoms bond covalently, they often produce outer electronic
structures the same as noble gases ~ in other words with four pairs of clectrons {or
one pair in the case of hydrogen), There are, however, o lot of exomples where
dilferent numbers of pairs are formed, producing structures that are guite unlike
nobk: gases,



Covalent bonding in a chlorine molecule
Each chlorine has one unpaired electron in its outer energy leved, These are sharad

between the two to give a chlorine molecule. €1

Covalent bonding in methane, ammonia and water

t '\C/'\'* A '/:)/"“
\ﬂ-/ \_'/ \_.

Figure 3.7 The electroni structures of carban, mtrogen and cxygen atoms

In methane, the carbon atom has four unpaired ekectrons, Each of these forms a

covalent bond by sharing with the clectron from a hydrogen atom. Methane has
the formula CH .

In commonia, the nitrogen only has three unpaired electrons and so can only form
bomds with three hydrogen atoms 1o give NH.,.

In water, there are two unpired electrons on the oxygen atom which can bond
with hydrogen atoms to give H 0.

A\

ammonia wareer

Figure 3.9 Ammama Figure 370 Wotes

Covalent bonding in a slightly more complicated molecule - ethane

Ethane has the formula C H . The bonding ks similar to methane (Figure 3.8), except
that there is a carbon-carbon covalent bond as wdll as the carbon-hydrogen bonds,

(w

Flpure 3,11 Ethanye

,/’/_.m._\ ‘ : 3 _,u..__\\\

[ AR NN [/ A% N\ N
x x [ ) o/ " 9@
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Figure 3.6 Covalert bonding m chionne

methuns
Figute 3.8 Methane
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Ethane and ethene ale organe compounds,

and you will find out more about them In
Sectron D of this book. You hawve 1o look
at their names very carefully - even one
dfferent letter In the name can matter
Here, for example, ethane and ethene are
completely differens compounds

Figure 3.15 The trphe bond i mtragen

Multiple covalent bonding
Covalent bonding in an oxygen molecule - double bonding

When atoms bord covalently, they tend o do so in @ way tha forms the maximum
number of bonds. Tha makes the Hral molecule more stable.

Figure 3.12a shows that forming a single covalent bond between the two oxygen
atoms still leaves unpaired electrons. IF these are shared as well 1as in Figure
3.12b), a more stable molecule is formed.

. 0'36 (:S,i\
— ) N A

~ ‘

A
Each atam sdll kas an ungalred electron. Skarirg 2 electron pairs maximises
If these were shared as well, even more the banding and makes the system
energy waould be released, as stable as passible,

Flgure 212 Oxygen atams with {a) a single covalent bond and (i) two shared electron pais

Covalent double bonding in carbon dioxide, CO,

Two double bonds are formed between the carbon and the two oxygens | Figure

-

1.13). This uses up all the unpaired electrons.

e
e 1 e
T AT

Figure 3.13 Cowalent doubie bonding i CO

The double bond in ethene, C H,

Ethene Is rarher lke ethane on page T3, except that it only has two hydrogen aioms
attached to each carbon atom.

Flgure 3.14 fthene

The triple bond in a nitrogen molecule

The triple bond from the sharing of three pairs of electrons between the two nitrogen
atoms ks very strong and needs a Lot of energy 1o break. Nitrogen gas consists of
nitrogen modecules bonded Ike this. That is why it is relatively unreactive,



Ways of representing covalent bonds

Apart from full dots-and-crosses diagrams, covalent molecules can also be shown
in other ways. In models, cach link between the atoms represents a covalent bond -
a puir of shared clectrons.

1) bj €}

o0

CH,CH,0H CH, o,

Figure 3.6 Mogels of (a) ethanal, (b) ethene and (c) oxpgen

Om paper, we oftern simplify dots-and-crosses diagrams by leaving out the inner
electrons. You might leave our the circles as well, imd show only the electrons in
the outer energy levels,

Or you might draw each covalent bond as a straight line joining the atoms. Each
line means a pair of shared electrons. In diagrams of this sort, sometimes you draw
the non-bonding pairs of electrons in the outer level (called lone palrs): sometimes
you leave them out,

All the dingrams in Figure 3.17 show the covalem bonding in ammoria, NH,,

showing the lone pair omitng the lone pair.

(- X+ \oo \
H3N2H H—N—H H—N—H
ox I |
H H H

Flgure 337 Cawalent donding M ammonia

lonic (electrovalent) bonding

In a covalent bond. the dectrons are shared between two atoms. Both nuclet are
attracted 1o the same electron pair.

But sometimes it happens that one of the atoms is attracted 1o the electron pair
much more stroagly than the other one. The electron pair is thes pulled very close
to that atom, and away from the other one.

A has lost contral of it electron It
becomes positively charged

B has gained an extra electron, It
Leconwes negatively charged

Bis atvracted o the electrors more strongly than A s,
Barh electrons are pulled toward B end of the bond
Figure 3.19 Positive and nagalive charges

In Figure 3.19. atom A has. in effect, given its electron to atom B.

1f you find this & bit confusing, dont worry
about it oo much for now. The iImporant
thing at the moment s that you can drw
dots-and - crosses diagmms for the molecules
wre have been locking at. Also remember
thas, in a dagram, any bne you driaw
between two atoms represents & paw af
shared electrars - a covalent bond You may
come acrass the other vanabons now and
then dunng your course, but they will slways
be explamed at the time.

A:B

pair of electrors
{one from each atom)

Figure 218 A covalertt bond

In Figure 3.19, A has become positrvely
charged because it has offectively lost an
election. It stil has the same number of
positredy charged protons, but now has one
less edectron to balance them

B & negatrvely charged because it has gaihed
an extra negative electran
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This is @ semphificanon® In reality, you don's
react sadium with chilorine atoms, but with
chlonne malecules, CI . Before the election
wansfer can happen, energy his to be
supplied to break the chlonme mokecules
into indvadual atoms. You do, In fact, have
0 heat sodwim in chlarine to getitto sart
10 IEact.

The electrically charged particles are called fons. An ion is an atom (or group ol
atoms) which carries an electrical charge, either positive or negative.

®- A positive fon s called a cation.
@ A negative ion is called an anion.

Tonic bonding is bonding in which there has been a transfer of electrons from one
atom 1o another to produce ions. The substance is held together by strong eecrrical
attractions between positive and negative ions,

lonic bonding in sodium chloride

Figure 3.20 fonk bonding m sodwim chlonde

The single electron in the outer energy level of the sodium has been transferred to
the chlorine. The sodium chloride is held together by the strong attraction between
the sodium ton and the chloride ton. {Notice that it is called & chloride ton, not a
chlorine fon.)

Overall, a lot of energy is given out when this provess happens - mainly due to the
energy released whien the strong bonding between the jons is set up.

You cam draw dots-and-crosses diagrams to show ionic bonding, but it is much
quicker, amd rakes up much less space, 1o write electromic structures in the form
28,10r238.7.

Na 281- Na* [28]

| —
cl 287 cl- [288)

Figure 3.21 Anather way of expressing fonie Bonding in sodium cforide

lonic bonding in magnesium oxide
Mg 2.8;?;2«.| Mg™ [2,8]*

—
0o 26 ¢ O+ [2.8*
Figure 3.22 lorw: bonding m magnesaum oxide

In this case. two glectrons are tramsferred from the magnesium 10 the oxygen,

The two electrons in the outer energy level of the magnesium are relatively easy 1o
remone, and the oxygen has enough space in its outer level to receive them. More
energy is given out this time, mainly due 1o the very: very strong atfractions between
the 2+ and 2- lons — the higher the number of charges. the stronger the attractions.



The significance of noble gas structures in jonic bonding

If you look at the structures of the ions formed in Figures 3.21 and 3.22, cach of
them has a noble gas structure: 2.8 (the neon structure), or 2.8.8 (the argon
structure!. You might therefore say that atoms lose or gain electrons so that they
achieve a noble gas structure. This is true of the elements in Groups 1 and 2 of the
Feriodic Table (forming 1+ and 2+ jons). and for those in Groups 6 and 7 when
they lorm 2-and 1- jons, as in all these examples.

But there are a lot of common ions that don't hove noble gas structures, Fe®*, Fe',
Cu?', 2. Ag' and Pb** are all ions that you will come across during a GOSE
course — although you won't hive 1o write their electromic structures. Not one of
them has a noble gas structure.

Other examples of ionic bonding

Lonic bonds are usvally formed only i small numbers of electrons need to be
transferred — typically | or 2, but occasionally 3. In cases where the ions produced
would Bave, sy, a 2+ charge, the situation is rarely as simple as it might appear @
first sight,
Lithium fluoride

u 2D U [

C——

Foo27- o8

Figure 3.24 fonic bonding i lithium fluorde,

The ltkdum atom bas one electron in its outer energy level that s easily lost, amd
the Huorine Bag space to receive one. Lithium Huoride 15 held together by the strong
attractions between lthium and fluoride lons.

Calctum chloride
a 287, CF [288F
Ca 2882—=Ca™ [288]"
c 287 cr (2838
Figure 3,25 fonk bonding in calcum chlonde

The calcium has two electrons in its outer energy level that are relatively casy to
give away. but each chlorine atom only has room in its outer level to take one of
them, You need two chlorines for every one calcium. The formula lor calcdum
chioride is therefore CaCl,, There will be very strong attractions holding the jons
together because of the 24 charge on the cakium ions,

Potassium oxbde
K 2881, K [288]
O 26 ~—=0O" 28"
K 28817 K [288

Figure 3.26 fonk Pording in potasiim oxkde

This time, the oxygen has room for two electrons in its outer levd. but cach
potassium can only supply one. Potassium oxide's formula is therefore K0

&

Figure 3.23 Ap Fe™ 1o - defimtely not @ noble
gas st
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Chapter 3

Figure 3.27 Motal's are hard and hawe figh
meiling points

Warning! When they come to weite

the synbol for a metal such as sodium

in equabions, students who know about
metaliic bonding sormetimes worry whether
they should write it as Na or Na™. You write
It as atams - as Na. Thinking about the

structure s a whole, the number of elections

exactly balances the number of postive
charges. The metal as @ whaole calvies no
charge

Metallic bonding

Most metals are hard and have high melting points, This suggests that the forees
holding the particles in the metal together are very strong,

Figure 3.28 shows whart happens when sodium atoms bond together to fovm the
solid metal. The outer electron on each sodivm atom becomes free to move
throughourt the whole structure, The electrons are said 10 be delocalised, These
electrons are no longer attached to particukar atoms or pairs of atoms. Instead, you
can think of them as Bowing around throughout the whole metal.

1If a sodium atom loses its outer electron, that leaves behind a sodium ion. The
attraction of each positive ion to the delocalised clectrons holds the structure
together

Metallic bonding is sometimes described as an array of positive ions in o ‘sea of
clectrons’

array of pasitive kons

original sodium atoms showing
the outer electron on cach

Figure 3.28 Sodium atoms bonding together (o form the metal

delocaliyed electrons

In the case of sodium, only one electron per atom is ddocalised. leaving tons with
only one pasitive charge on them, The fons don't pack very efliciently either. The
eifect of all this is that the bonding in sodium is quite weak, as metals go, which is
why sodium is fairly soft. with a low melting point for a metal.

By contrast, magnesium has two outer dectrons, both of which are delocalised into
the ‘sea’, leaving behind ions that carry a charge of 24 18 also packs more
efficiently. There is a much stronger attraction between the more negative "sea’ and
the doubly charged jons, and so the bonding is stronger and the melting point is
grealer,

Metals such as iron have even more outer electrons to delocalise, so the bonding is
stronger still.

You can ind out more about metallic structures in Chapler 4.



Intermolecular forces

You will remember that water. H.0, is a mokecule with strong covalent bonds
between the hydrogen and oxygen. In liguid water, or in ice. there must also be
attractions between one molecule and its neighbours - otherwise they wouldn't
stick together to make a liguid or a solid.

These lorees of artraction betweet sepatate molecules are called intermolecular
forces or intermolecular attractions. They are a ot weaker than covalent or
ionic bonds, and vary in strength from substance to substance,

For example. the intermolecular forees between hydrogen molecules, H . are very,
very weak. You have to cool hydrogen to -257 °C before the molecules are
travelling stowly enough for the intermolecular attractions 1o be able to hold them
together as a liquid.

1y contrast, sugar fakso a covalent compound) is a solid that doesn't melt until
183 °C. The intermolecular forces between sugar molecules must be quite strong,

Intermodecular forces artse from slight electrical distortions in molecules.

In Figure 3.30, 8 is read as “delta’. So 8+ is read as ‘delta plus’. §is vsed to mean
‘slightly”, so §+ means slightly positive,

You can see that the slightly positive end of one molecule attracts the slightly
negative end of a neighbouring molecule. Heating will supply enough energy to
bresik these imtermolecular attractions and cause the substance to either melt
or buil,
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Flgure 3.20 (n¢ermalecular foroes

In melting, some but not all of the intermolecular forees are broken, [n boiling, the
attractions are totally disrupted and the molecules become free to move around as
4 gas.

It is very important that vou realise that melting or boiling a substance made of
maodecules breaks imtermolecular forces — mot covalent bonds. When you boil water.
you get steam - not a mixture of hydrogen and oxygen atoms. The weak attractions
between one molecule and its neighbours are broken. but not the covalent bonds
within the molecule,

Figure 3.29 &reaking the mtermolecular
aitractans in waley (o produce steam

A hint at how these distortions arse in water
molecudes is gven In Chapeer 4 on page 26

If you bodl & teaspoonful of water (about
Som’)in the bottom of an average budker
enough steam will be produced so fill the
bucket That shows how spread out the
water mokecules become once you have
broken the intermolecular stractions
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End of Chapter Checklist

You should now be able to:

v explain what is meant by a covalent bond and a molecule
draw dots-and-crosses diagrams for simple covalent molecules
explain what is meant by an ionic bond

explain the formation of simple ionic compounds

describe how atoms are bound together in a metal

explain what is meant by intermolecular forces.

S S S i

Questions

You will need 1o use the Periodic Table on page 226,
1 a) What is meant by a covalent bond? How does this bond

5 The table below gives details of the boiling temperatures of
some substances made up of covalent maolecules. Arrange
these substances in increasing order of the strength of their

hold two atoms together? 3 :
mlermalecular attractions.
b) Draw dots-and-crosses diagrams to show the covalent .
bonding in- (i) methane, CH,; (ii) hydrogen sulphide, M_S; Bolling paint (“C)
(i) phosphine, PH_; (iV) silicon tetrachlonide, SiCl_ ammania -33
Draw dots-and-crosses diagrams to show the covalent ethanamide 221
bonding In a) ethane, C H_ b) ethene, C H_; ¢} ethanol,
CH CH,OH. You waill find r:odcls- of ethene and ethanol on o R
page 17, which might help you. hydrogen _ ~253
3 a) What is meant by (i) an ion: (i) an ionic bond? phasphorus trifluaride 0
waler 100

b) In each of the following cases, write down the electronic
structures of the original atoms and then explain (in
words or diagrams) what happens when;

(i) sodium bonds with chlorine to make sodium chilaride,
(i) lithium bonds with cxygen to make lithium oxide;

(#i) magnesium bands with fluorine to make magnesium
Nucride,

a) A solid metal is often described as having ‘an array of
pagtive ions in a sea of electrans’. Write down the
electronic structure of a magnesium atom and us2 it o
explain what this phrase means.

b) Metallic bonds are not fully broken until the metal has
first melted and then boiled. The boiling points of sodium,
magnesium and aluminium are 890°C, 11107C and
2470°C, respectively. What does this suggest about the
strengths of the metallic bonds in these three elements?

c) Find these three metals in the Periodic Table, and suggest
why the balling points show this pattern,

d) Assuming that an electric current is simply a flow of
electrons, suggest why all these elements are good
conductors of electricity.

(Don't panic If you dan't recagnise saome of the names, The
substances could just as well have been labelled A B, C, D,
Eand F)

Boron and aluminium are both in Group 3 of the Periodic
Table. Both form compounds with fluonne (BF, and AIF )
Unusually for elements found in the same group of the
Periodic Table, their compounds are bonded differently. BF is
covalent, whereas AIF, is a straightforward ionic compound.

a) Draw a diagram to show the covalent bording in BF,

b) Explain, using diagrams or otherwise, the origin of the
ionic banding in AlF_.

c) BF, is described as an efectron-deficient compound. What
do you think that might mean?



Section A: Particles

The photographs show some
substances with quite different
physical properties - inciuding
hardness, melting point and solubility.
This chapter explores some of the
reasons for these differences, based
on the bonding in the substances.

It assumes that you are already
familiar with the topic of bonding in

Chapter 3. 7

Figure 4.5 Some wmple makecules

Chapter 4: Structure

Figure 4.2 Mary subdances form britthe crysio
thar dissodve ey in watey

Chapter 4:
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Flgure 4.3 Dvamond (@ farm of carbon) &5 Flgure 4.4 (e &5 alw crysralling, dut mels cacly to
abwously crystalline, and s the hardest nahiraliy form water

occurning sibslance.

Giant structures

You can divide substances into two quite different types - giant structures
and molecular structures.

You will remember that molecules are made up of fixed numbers of atoms,
joined 1ogether by covalent boruds, The number of atoms per molecule is
usually Gxirly senadl, but can run into thousands in the case of big molecules
stcl as plirstics oF proteins or DNA.

By contrast, giant structures contain hiuge numbers of etther atoms or lons
arranged in some regular way. but the number of particles 't floed.

Examples will make this clear,




If you aren't sure about this, read page 20 in
Chapeer 3 before you go on.

If you carmpare Figure 4.6 with a smilar
peture of metallic bonding in Chapter 3
|page 20). you will find that the iors are
arranged dilferently. Figure 4.6 shows the
staggered rows typical of efficiently packed
metak

Figure 4.8 Stoef being roflecd imdo strips

Giant metallic structures

Remember that metals consist of a regular array of positive ions in a ‘sea of
clectrons’. The metal is held together by the attractions between the positive lons
and the delocalised electrons.

I'he simple physical properties of metals

Metals tend to e strong, with high melting aad botling points. becaunse of the powerful
attractions insolved.

Metals conduct electricity. This is because the delocalised clectrons are free to move
throughout the structure. Imagine what happens if a piece of metal is attached to
an electrical power source.

positive lans delocalised elecorons

electroms pulled to this more electrons fow along
end by the positive the wire from the negative
tertringl of the power terminal of the power
source and then fow source (o replace those
away along the wire moving away In the metal

Figure 4.6 How metals condict electniony

Metals are good condyctors of heat. This is again due to the mobile, delocalised
electrons. If you heat one end of a plece of metal, the energy is picked up by the
electrons. As the electrons move around in the metal. the heat energy s transferred
throughout the structure.

The workability of metals

If o metal is subjected 1o just a small force, it will streteh and then return 10 its

oviginal shape when the force is released. The metal is described as being elastic,

But if a large force ks applied, the particles slide over each other and stay in their
new positions.,

ry\- rd \r ~
e M "
‘riﬁo

,par ticles moverd
/' Inte new position

force

\
-
A

“
Figure 4.7 A large force ac;:\h\.i to a metal

Metals are usually easy to shape because their regular packing makes it smple lor
the atoms to slide over cach other. Metals are said to be malleable and ductile,
Malkeabke means that it is casily beaten into shape. Ductile means that it is casily
pulled out into wires



Alloys

Metals can be made harder by alloying them with other metals. An allov s a
mixture of metals — for example. brass is a mixture of copper and zinc,

In an allow, the differemt metals hove slightly differently sized atoms, This breaks up
the regular arrangement and makes it more difficult for the layers to slide,

Figuare 4.9 Ao in an alfoy

The diagram shows how mixing atoms of only stightly different sizes disrupts the
regular packing, and makes it much more difficult for particles to slide over each
other when a force is applied. This tends to make allovs harder than the individual
metals that make them up,

[n some cases, alloys bave unexpected properties, For example, solder - an alloy of
tin and lead — melts at o lower temperature than cither of the metals individually:
[1= low melting point, and the fact that it is a good conductor of electricity. make it
useful for joining components in clectrical circuits,

Mher common alloys include bronze (a mixture of copper and tin), stainless steel
lan alloy of fron with chromiom and nickell, and the mixture of copper and nickel
lcupronickel) which is used to make 'silver’ colns.

You can read more about alloys in Chapter 17.

Giant ionic structures

Anion is an atom or group of atoms that carries an electrical charge - cither
positive or negative. If you aren’t sure about ionic bonding, you should read pages
17-19 in Chapter I before you go on,

Allionic compounds consist of huge Lirtices of positive amd negarive ions padad
together in a regular way A Lattice is o regular arvay of particles. The lamtice is hedd
together by the strong attractions betweetr the positively and negatively charged jons.

The structure of sodiom chloride

[n adiagram, the ons are vsually drawn in an ‘exploded’ view, Figure 4,11 shows
how they actually occupy the space

Figure 4.32 An ‘exploded’ wiew of sodium chlonge

Figure 410 A drass propeller

Figure 411 A madel of a small part of @ sodwm
chlaride crystod

Warning! The lines in this diagram e not
covalent bonds. Thers are just thers to help
show the anangement of the iors. Thoze
1ors joened by lines are toucheng each othes
Compare the diagram with the model in
Figure 4.11
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Figure 413 The shope of the wodium chilonde
crydal reflects the arrangement of the lans

For the use of the syrnbal 6, see page 21 In
Chaprer 3

Only jores joined by lines in Figure 4.12 are actually touching, Each sodivim ion is
touched by 6 chloride ions, In tom, each chloride jon is touched by 6 sodinm ions,

You have to remember that this structure repeats iisell over vast numbers of fons.
The structure of magnesium oxide

Mignesium oxide, MgO, contains magnesium ions, Mg?*, and oxide ions, (7, It has
exactly the same structure as sodinm chloride,

The only difference is that the magnesium oxide lattice is held together by stronger
forces of attraction. This is bevause in magnesium oxide, 2+ lons are attracting 2-
tons. In sodinm chloride, the attractions are weaker because they are only between
1+ and I-ions.

The simple physical properties of jonic substances

Tonie commpounds Teave high melting points and batlimg points because of the strong
forces holding the lattices together. Magnestum oxide has much higher melting and
boiling points than sodium chloride because the attractive forces are much
stronger.

Tonic compounds tend to be crystalline, This reflects the regular arrangement of ons
in the lattice. Sometimes the crystals are too small 1o be seen except under powerful
microscopes. Magnesium oxide, for example, is always seen as a white powder
because the individual crystals are too small to be seen with the naked eve

Tonsie erystals tengd to he Brittle, This is because any small distortion of a crestad will
bring ions with the same charge alongside each other, Like charges repel and so the
crystal splits itself apart.

repulsion beoween fons

with the same charge

farce

Flgure 4.14 fonwe crystals tend (o be brtthe

Tomie sulstances tend to be soluble in waiter. Although water is & covalent molecule,
the electrons in the bonds are attracted 1owards the oxvgen end of the bond. This
matkes the oxygen slightly negative. It leaves the kydrogen slightly short of
electrons, and therefove slightly positive

&
sight negative ' &+ = slight positive
charge on the ~" charge on the
axygen stam o+ % hydrogen atarm

Figure 415 Hectriea! distortion i @ waler moleciie

Jecause of this dlectrical distortion. water is described as a polar mokecule,

There are quite strong attractions between the polar water molecules amd the lons
in the Latthee.



The slightly positive hydrogens in the water molecules cluster around the negative

ions, and the slightly negarive exygens are attracted 1o the pogitive ions.

Flpure 4,16 Warer malecules, which are palar, pull the crystal agart

The water molecules then literally pull the sodivm chloride crystal apan,

Magnesium oxide tsn’t soluble in water because the attractions between the water
maodecules and the lons aren’t strong enough to break the very powerful fonic
bonds between magnesium and oxide ions.

lonte componnds tend to be insolidle in organne solvents, Organic solvents contain
molecules which have much less electrical distortion than there is in water - their
maodecules are less polar, There isn't enough attraction between these molecules
and the jons in the cryvstal to break the strong lorces holding the Lattice together

The electrical behaviour of lonie substances

lonic compounds don't conduct ebectrivity when they are solid. because they don't

contain any mobile electrons. They do, however. conduct electricity when they
melt, or if they are dissolved in water. This happens becauvse the ions then become
free to move around. How this enables the compound to conduct electriaity is
explained in Chapter 13.

Giant covalent structures
Diamond
Diamond is & form of pure carbon.

Each carbon atom has four unpaired electrons in its outer energy level Ishell), and
it uses these to form four covalent bonds. In diamond. each carbon bonds strongly
to four other carbon atoms in a tetrahedral arrangement. Figure 4.17 shows
enough of the structure to see what it Is happening.

Figure 4.37 The structure of damond

Organic solvents mclude alcohol (ethanol)
and hydrocarbons. such as those found in
petrol. If you are interested In these, you
could explore the organic chemistry secbhon
of this book {Section D)

A tetrahiedion 1S & tiangutar- based pyvamid.
In a terahedial amangement. ane atoen is at
the centre of the wetiahedion, and the ones
it attached 10 are at the four comers. Look
carefully at the top feve ataers in Figure 417
o see what this looks ke You will find othe
sirnilar arvangerrents in this diagram,

In Figure 417, some carbon atoms seem to
be forming only swo bonds {or even one
bond), bt thas’s not really the case. We
are anky shawng a anall be of the whale
structuse. The srpctre contimues in thive
dimarsions. and each of the atoms drawn
here will be attached to four others. Each
of the lines in this diagram epresents &
covalent bond

Chapter 4:




Chapter 4:

Thes is & very easy structure to diaw as long

as you practse 1t You should be able ta

praduce a ressonable doesch n 20 seconds
O

It & diffscult to find o way of diawing more
than one layer of graphite in & way thut can
be done guickly and sccurately in an exum.
It s much easer 1o avold the problem by
drawing a top view of a liuyer and then the
stacking of the loyers separately. Label ary
thagram carefully 1o explain what you ae
doing, and show the gaps between the Liyers
atabout 2 5 tmes the distance between the

ATOMS 0 your kaper

_—

;:7 (‘GLF’\i C
4

Figure 4.19 Rubbing hayers of graphule off on
paper.

This is & gl covalent structure — it continues on and on in three dimensions. 11 is
mot i modecule, because the number of atoms joined up in a real diamond is
completely variable - depending on the size of the crystal, Molecules always
contain fixed monbers of atoms joined by covalent bonds.

Draw this structure in stages, as shown in Figure 4.18.

gl et

Figure 418 How to deaw the structure of diamand

Diwimond is wery herd, with o very high meltivgg and bailing point, This is becavse of the
very strong carbon—carbon covalent bonds, which extend throughout the whok:
crystal in three dimensions, Saw blades can be tippaed with diamonds in bigh-speed
cutting tools used on stone and concrete.

Digmond doesn't conduct electricity. All the electrons in the outer kevels of the carbon
atoms are tightly held in covalent bonds between the amtoms. None are free to move
around.

Dianond doesn't dissolve i waler or in any other solvent. This is again because of the
powerlul covalent bonds between the carbon atoms, If the diomond dissolved, these
bonds would have to be broken,

Graphite

Graphite is also a form of carbon, but the atoms are arranged differently -
although still as a giant structure. Graphite has a layer structure. rather like a pack
of cards. In a pack of cards, cach card is strong but the individual cards are casily
separated. The same is true in graphite.

atomns i a layer of graphite edge-an view of the lxyers

The gaps beeween the layers are
much bigger than the distances
beeween the atoms in the lyers

Figure 4,20 How to draw the structure of grophite

Crraphite Is @ soft material with a sliny feel. Although the forces holding the atoms
together in each layer are very strong, the attractions between the lavers are much
weaker. Layers can easily be flaked off,



Graphite (mixed with clay to make it harder) is used in pencils. When vou write
with a pencil. vou are lesving a trail of graphite kayers behind on the paper. Pure
graphite is 20 slippery that it is used a8 a dry lubricant = for example. powdered
graphite is used 10 hubricne locks,

CGraphite has o high melting and bodling point ond is insolible in amy solvents. To melt or
dissolve graphite, you don't just have 1o break the lavers apart — vou have to break
up the whole structure, including the covalent bonds. That needs very large
amounts of energy because the bonds are so strong.

Cinephite is less dermse than diconond because the bayers in graphite are relatively far
apart, The distance between the graphite lavers is more than twice the distance
between atoms in cach layer, In o sense, a graphite crystal contains a lot of wasted
space, which isn't there in a diamond crystal,

Graphite condincts electricity, [T you look back ot Figure 4.20, you will see that easch
carbon atom I8 joined to only three others.

Each carbon atom uses three of its electrons to form these simple covalent bonds.
The fourth electron in the outer layer of cach atom is free to move around
throughout the whole of the layer. The movement of these electrons allows the
graphite to conduct dectricity.

Simple molecular structures

Remember that molecules conttain fixed numbers of atoms joined by strong
covalent borwds, The forces of attraction between one molecule and its neighbours
lintermolecular forces) are much weaker than the covalent bonds, and vary in
strength from compound 10 compourd, as shown in Figore 4,22

= % Q’ Q"‘ 604— Strong cavalent bands join
5 hydrogen and oxygen atoms...
ToReg

xq (q' q g Q-—..burmelnc:rmomlar

atracpons between the water
molecules are weaker.

Flgure 4.22 A simple malocinar compovind

It doesn't take very muoch beat energy 1o break the relatively weak intermolecular
attractions, and so siinple imolecadar commponnds tend to be gases, liguids or solids with a
lowv melting point.

Molecular suhstances tend to be insoluble in woter imless they react with it

For their size, water mobecules have stronger infermolecular atiractions between
them than you might expect. In order for o substance to dissobve, these attractions
between water molecules have to be broken so that the dissolving molecukes can Tit
between them, Any new attractions between water molecules and the covalent
modecules are ot usually big enough to make up for this

0m the other hand, molecular substances are often solulle in organis solvents. In this
case, the intermolecular attractions between the two different types of molecule are
much the same as in the pure substances.

Molecular substances dov't conduct electricity. becavse the molecules don't have any
overall electrical charge and there are no electrons mobile enough to move Irom
maodecule 1o molecule,

Figure 4.2 Three graphite electrodes glow red hot
after thewr o) fromr an electng are furmace
\sed o produce stoe!

Figure 4.23 Hydrogen gas 1s almad imofubie m
water




Elements, compounds and mixtures

Elements
It st gutte 1oe 1o say that elemems consist Elements are substances that can't be split into amything more simple by chemical
of only ane type of atom. Most elements means. Al the stoms in an element bue the same sdomic rumber, You can recognise
consist of mixtures of sotopes - with the them in models or diagrams because they consist of atoms of a single colour or size.

same atomic rumber, bue different numbers
of neutrons. When we draw diagiams of
make modeks, we aren't usually interested in

the differences between the sotopes.
U

R

2 pure mesal diatomic molecular ghant structure
g3 like oxygen in diamand

Figure 4.24 Some elemenn

The substances in Figure 4,24 are all elements because they consist of only one
sort of atom.

Compounds

All compounds are made from combinations of two or more elements in fixed
proportions. joined by strong bonds. It doesn’t matter whether the compound is
molecular, giant covalent or glant lonik.

Chapter 4: 5t

water — a molecular sibican diowide - a ganc sodium chloride —a
campound covalent compaund glant kanic structure

Figure 4.25 Some compounds

Mixtures

In a mixture. the various components can be in any proportions. An allov is a
mixture rather than a compound because of the totally variable proportions.

Flpure 4,26 A compoung, water, flowing thiough a
metal wulpture. & the metal @ pure efement? No -
Il 75 stainiess devd, an alloy, and therefore o

mvature of elements Figure 4.27 Some muxtures

mixture of elerments - mixture of compourds — mixture of elements -
ritragen and oxygen CO, and HO mraetals in an alloy




Simple differences between mixtures and compounds
Proportions

[ water fa compound), every single water modecule has two hydrogen atoms
combined with one oxysien atom, [t never varies. In a mixture of hydrogen and
oxygen gases. the two could be mixed in any proportions,

If you had some silvery zine metal and some yellow sulfur. you could mix them in
any proportions you wanted to. In zine sultide (ZnS. a white powder), the
proportions of zince to sulfur are always exactly the same.

Propertics

[n a mixture of elementis, cach clement still bas its own properties, but the
properties of the compound are quite different, For exaomple, ina mixtore of iron
and sulfur, the iron is grey amd the sulfur i yellow, The iron reacts with dilute acids
such as hydrochloric acid 1o produce hydrogen; the sulfur doesn't react with the
acid. However. the compound iron sullide (FeS) reacts guite differently with acids 1o
produce poisonous Iydrogen sulfide gas, smelling of bad exgs.

A mixture of hydrogen and oxygen is a colourkess gas which explodes when you
put a lame to it. The compound. water. is a colourless liquid which just puts out
a flame.

Lase of separation

Mixtures can be separated by physical means, ‘Physical means” are things like
changing the temperature, or dissolving part of the mixture ina solvent ke water
— things that dor't involve any chemical reactions,

For example, a mixture of iron and sulfur is quite casy to separate into the two
clements using a magnet. The fron sticks to the magnet, and the sulfur doesn't. To
separate the iron and sulfur from iron sulbide woukd need quite a lot of chemistry to
convert it into separate samples of iron and sulfur,

You can just cool a mixture of hydrogen and oxygen gases to separate it by a
phivsical process. Oxyvggen condenses into a liguid at a much higher temperature
than hydrogen does (=183 °C as opposed 1o =253 °Ch. This would leave vou with
liquid oxvgen and hedrogen gas, which would be essy to separate. Bot to separate
water into hydroget and oxygen, you have 10 chamge it chemically using
electrolysis,

Encrgy changes
If you mix some hydrogen and oxygen gas together, there isn't any temperature

change. On the other hand, if you combine hydrogen and oxygen together to make
wler, o huge amount of energy is released. You see and hear that as an explosion,

This is typical. Assuming there Isn't any reaction on stople mixing, when you mix
things together there is elther o small energy change, or none at all. When vou
make a compound, energy changes are much greater.

You can find cut about the reactsons of
metilke with diute acsds on page 71 The
reacton between swon culfide and aods isnt

needad for evam purposss at GCSE
~rE——

Chapter 4:

Elpctrolysis s explained in Chapter 13, and
the use of electrolysis to find the formuls
for water is expluned in Chapter 23, If you
are just starting on thes course, ignore that
reference for now
e
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End of Chapter Checklist

You should now be able to:

/" understand what is meant by giant metallic structure, giant ionic structure, giant covalent structure

and molecular structure

v relate the simple physical properties of a substance (melting and boiling temperatures, conduction
of heat and electricity, workability/hardness, solubility) to its structure

v recognise and draw structures for the compounds you have met

v understand the differences between the words element, compound and mixture in terms of the
way the particles are arranged, and describe some simple differences between a compound and a

mixture.

Questions

1 a) Drawsimple diagrams to show the stroctures of diamond

and graphite.

b) Choose any one physical property where diamond and
graphite have similar characteristics, and any two physical
properties where they are different. Use your diagrams to
explain the similanty and the differences

2 a) Most metals are malleable and ductile, Explain what

happens 1o the particles in a metal when it is subjected to
a large stress

b) State any ather physical property of metals, and explain
how it arises from the metallic structure.

c) Allays are mixtures of metals. Explain why an alloy is
usually harder than the individual metals that make it up.

Explain why sodium chioride a) has 3 high meldting point;
b) has brittle erystaks; ¢) is solubde in water,

Decide what sort of structure each of the fallowing
substances is mast likely to have. You can choose between:
giant metallic structure, giant covalent structure, giant ionic
structure, maolecular structure.

a) Substance A melts at 2300°C. It doesn't conduct electricity
even when it is molten, Itis insoluble in water,

b) Substance B is a colouriess gas

c) Substance Cis a yellow solid with a low melting point of
113°C It doesn't conduct electnicity and is insoluble in
water.

d) Substance D larms brittle orange crystals which meit at
398"C. D dissolves freely in water to give an orange
solution,

e) Substance E Is a pinksh-brawn flexible solid. It conducts
electncity.

) Substance F is a liquid with a bolling point of BO°C, It s
insoluble in water.

g) Substance G is a silvery solid which melts at 660°C. It is
used in overhead power cables

h) Substance H is a glassy salid which melts at 450°C and
bails at 1860°C, It doesn't conduct electricity even when
molten, but reacts very showly with water,

Look back at the structure of silicon dioxide, SIO,, an page 30.
Silicon-oxygen bonds are strang,

a) Would you expect silicon dioxide to be a solid, liquid or
gas? Explain your answer.

b) Would you expect silicon dioxide to be hard or soft?
Explain your answer,

c) Silicon diaxide doesn't react with water, but would you
expect gdlicon dioxde to dissolve in water? Explain your
answer.

d) By doing an internet or book search, find out where
silicon dioxide occurs in nature. Are your answers (o (a-c)
cansistent with what you have found out? Explain why.



Section A: Particles

Chapter 5: Formulae and Equations

Learning how to understand and write
ertlng formulae chemical formulae and equations

isn't one of the most exciting parts of
Formulae for covalent substances Fuamisiny but e you b the kil
Common everyday examples to do it, you will find that the subject

suddenly becomes much clearer
0:3 0:0 oc"o cind auniet o folkeos. DanlEwatty if it
! : : sometimes seems to take a long time

to work out a formula or write an
D 090 9 i el s
HC o, Ho take a long time to start with - you

Figure 5.1 Some common covafent substances just need patience and lots
of practice. S

Remember that each line represents a covalent bond — o pair of shared electrons,
All these examples are described In detall on pages 14-16.

The formula simply counts the number of atoms combined 1o make the compound.
You won't usually have to work out the formula of a covalent compound — most of
the ones you will meet at GCSE are so simple and so common that you just
remember them.

Suppose you had to work one out

Suppose you had to nd the formula for phosphine — a simple compound of
ptrosphorus and hydrogen.

Find phosphorus in the Periodic Table. Its atomic number is 135, so the atom has 15
protons and 13 electrons. The electrons would be arranged 2.8.5. All you are
interested in are the dectrons in the outer kevel.

Chapter 5: |

1Eyou aren't happy about this, then you
should read the beginning of Chapeer 3 on

H — P H ! covalent bonding (page 13).
—

Figure 5.7 Phosphing

The phosphorus can create three covalent bonds by sharing the single electrons
with three bydrogen atoms. That means the formula for phosphine must be PH,

Formulae for ionic compounds

There are so many different fonic compounds that you might come across at GCSE. Before you go on, it woeukd be a good wea

that it would be tmpossible to learn all their formulae. You need o stmple way to to remind yourself about sonic bonding by
work them out. You could work out a few from first principles. using their reading pages 17-19
—

electronie structures. but that would take ages. Others would be too difficuli. You
newed a simple, short-cut method.




You will always have a copy of the Periodc
Table - even in an exam. That means that
you can alvays find cut which group an
element i in Bements in Groups 4 and §
form lew simple ions. Where they do, the
pattern sn't always easity predictable

You won't need to wairy about this at GCSE
The only an= you might come across at this
level is nitragen, which sametimes formes a
3- nitnde ran, N*

Thes is really important. Remember that all
metak lorm positve wons.

The need for equal numbers of pluses and minuses

lons are atoms, or groups of atoms, that carry an dectrical charge, efther positive
or negative. Compounds are electrically neutral. Therefore in an lonic compound
there must be the right number of each sort of jon, so that the total positive charge
exactly cancels out the total negative charge. Obviously, then, if you are going to
work out a formula. you need to know the charges on the lons.

Cases where you can work ont the number of chargpes onan ion

Any clement in Group 2 has two outer edectrons, which it will lose to form a 2+
ion, Any edement in Group 6 has six outer electrons. and it bas room to gain two
more, This leads 10 a 2—ion. Similar arguments apply in the other Groups shown in
Table 3.1,

Element in Periodic Table Group  Charge on ion

! 41
2 +2
3 +3
15} -3)
6 =2
7 -1

Table 5.3: The number of charges on an aon in Groups 1-7

Cases where the name tells you the charge

All metals lorm positive ions, Names suchs as lead( 1) oxide, iront1L) chloride or
coppertLl sullate tell you directly about the charge on the metal ion, The number
after the metal tells vou the number of charges, So .

@ lead! 1) oxide contains a PH** lon

@ ironl 1 chloride contains an Fe* ion

® copper| D) sulfate contains o Co®* jon.

Find the symbols for the metals from a Periodic Table iF you need to.

lons that need to be kearnt are shown in Table 5.2,

Charge Substance Ton
Positive ine I
silver Ag®
hydrogen u
ammomnium NH *
Negative hitrite NO
hydroxide O
hydrogencarbonate  HOO -
carbonate c0,*
sulfare S0/

|
Table 5.2: lans thar you shaufd kearn

You will come across other kons during the course. but these are the important
ones for now. The lons in this list are the tricky ones - be sure to learn both the
formula and the charge for each ion.



Cordusing endings! 02# ( }2-

Don’t confuse lons such as sulfate and sulilde. A name like coppert 1) sullide copper(ll) sulfide
means that it contains copper and sulfur only. Any ‘Ide’ ending means that there
isn’t anything complicated there. Sodium chloride, for example. is just sodium and
chlorine combined together.

Figure 5.3 Copper(IT) sulfide

Mnee you have an “ate’ ending. it means that there is something else there as well -
often. but not always, oxygen, So, lor example, copperill) sulfate contains copper. oz :

sulfur and oxygen. copper(ll) sulfate

Not looking carefully i word endings is one of the commonest mistakes students Figure 5.4 Coppen(ll) sulfote
ke when they start to wrlte formulae,

Working out the formubki for an ionkc compound

Example 1: To find the Jormule for sodiion oxide

Sodinm is in Group 1, so the ion is Na'.

Oxygen is in Group h, so the ion is O,

To hive equal numbers of positive and negative charges, you would need two
sodium ions to provide the two positive charges to cancel the two negative charges
o one oxide ion. In other words, you need:

Na® Na* s

The formula is therefore Na 0.

Exmmple 2: To find the Jormula for harign mitnrte

Barium is in Group 2, so the o is Ba®.
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Nitrate ions are NO . You will have 10 remember this.

To have equal numbers of positive and negative charges, you would need two
nitrate fons for each barium fon.

The formula is BaiNO ), If you didntwrite the brackets, the formula

i would ook like this BaNO, .
Notloe the brackets around the nitrate group. Brackers must be written if you bave That would read 3 1 barium. 1 nivogen and

e than one of these complex lons (lons contalning more than one type of atom|. 32 awygens. That's ot what you mean!
I amy other situation, they are completedy unnecessary. Y

Example 3: To find the formula for iron(111) sulfate
Ironl I} tedls you that the metal ion is Fe'*,

Suliate jons are SO - You will have 10 remember this.

To have equal numbers of positive and negative charges, you would need two
iron(II) lons for every three suliate jons — to give 6+ and 6 in total.

The formulais Fe (SO,

Why aren't lon charges shown in formulaes

Actually. they can be shown. For example. the formula for sodium chloride is NaCl.
1t is sometimes written Na*Cl if you are trying to make a particular point. but for

most purposes the charges are left out. In an ionic compound., the charges are there
— whether you write them or not.




Flgure 5.6 2H 50,

W50,

Writing equations
What all the numbers mean

When you write equations, it is important 1o be able 1o count up how mumy of each
sort of atom you hase, In particular, you must understand the difference between
big numbers written in front of formulae such as the 2 in 2HCL and the smaller,
subscript (slightly lower on the line) numbers such as the $in CH .

What, for example. is the difference between 2C1and €17 1t shows whether or not
the atoms are joined together.

a single 2 seperate 2 chiceine atoms
chlorine azom  chloring atoms  joined togecher

@ 99 00

Ci

Figure 5.5 The difference between 20/ and CI,

Look at the way the numbers work in 2H SO . The big number in front tells you
that you have 2 sulfuric acid molecules. The subscript 4, for example, tells you that
vou have 4 oxygen atoms in each molecule. A small subscript number in a formula
applics only to the atom immediately before it in the formula.

If you count the atoms in 2H S0, you will lind 4 hydrogens, 2 sullurs and 8
OXY TS,

I you have brackets i a formuke, o simall rumber refers to evervihing inside the
brackets. For example. in the formula CattiH),. the 2 applies to both the oxygen and
the hydrogen. The formula shows 1 calclum, 2 oxyzens and 2 hydrogens.

Balancing equations

Chemical reacttons involve taking elements or compounds and shufiling their
atoms arounxd nto new combinations. [t follows that you must always end up with
the same number of atoms that you started with.

Suppose you had to write an equation for the reaction between methane, CH |, and
oxygen, 0, Methane burns in oxygen to form carbon dioxide and water. Think of
this in terms of rearranging the atoms in some models.

P—W @
methane oxyzgen
Figure 5.7 Rearranging the atoms m methane and axygen

carbon doxide water

This can't be right! During the rearrangement vou seem to have gained an oxygen
atom and lost two hydrogens. The reaction must be more complicated than this.
Since the substances are all correct, the proportions must be wrong.



Try again:

@

mechane oygen carban dioxide water
Figure 5.8 A balanced eguation for the neachon batween methane and cxpgen

There are now the swune number of each sort of atom before and after, This is called
balincing the equation.
In symbols, this equation would be:

CH, + 20, - C0O, + 2H,0

Think of each symbol {C or H or 0) as representing one atom of that clement.
Count them up in the equation, and check that there are the same number on
both sides,

How to balance equations

Balmcing equations isn't o hit-and-miss allair. Il you are patient and work
systematically, the equations you will meet at GCSE almost balance themselves,
® Work across the equation from left to right, checking one element after another.

except if an element appears in several places in the equation. [n that case, leave
it until the end - you will often find that it has sorted itself out.
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@ If you have a group of atoms (like a sulfate group. for example). which is
unchanged from one side of the equation 1o the other, there is no reason why
vou can't just count that up as a whole group, rather than counting individual
sulfurs and oxygens. It saves time,

@ Check everything at the end 10 make sure you kaven't changed sometbing thar
vou have already counted.

Example 1: zine + hydrochloric acid = zine chioride + hydrogen
Balance the equation: Zn + HCL— ZnCl + H,
Work from left to right. Count the zinc atoms. 1 on each side — no problem!

Count the hydrogen atoms. T on the left; 2 on the right. If you end up with 2, you This is resdly important? You must never,
must have started with 2, The only way of achieving this is to have 2HCL (You never change a formula in batancing an

. ) R A q. Sy \vir ; equation Allyou are allowed to do & o
must nof change the formula to H Cl - there's no such substance. | virite big numbets In frant of the formula

Zn + 2HC1 = ZnCl, + 1, "

Now count the ¢chlorines. There are 2 on each side. Good! Finally check everyrthing
again to make sure —and that's it




Dot go on umil you are sure you
understand whry there are 7 oxygen atoms on
the right-hand side

In fact, it s acceptable to have hahees in
eguations, but you don't usually corme across
themn at GCSE

Daer't worry f this chemistry s unfamilia

to you, of il you wouldn't know at this stage
what the state syrnbols cughe to be. That
doesn't matter in the least for now.

Exwnple 2: silver nitrate sofution end caleitgn chlovide sofution to give calciion nitrete

solition wnd sofid silver chlovide
Bulance the equation: AgNO, + Ca('l, — Ca(NO,), + Ag(l
Working from left to right: 1 silver atom on both sides. That's hince.

The nitrate group is unchanged, so save time by counting it as a whole rather than
splitting it into individual elements. There's 1 NO, group on the lefi. 2 on the right,
That needs correcting. You must have started with 2AgN0

2AgNO, + Call, — CaiNO, ), + Ag(l

Now check the calcium: 1 on each side.

Now the chlorine: There are 2 on the lelt, but only 1 on the right. You need 2AgC1L
2AgNQ, + CaCl, — GuNO ), + 24201

Finadly, check everything again. It's all OK = but it might not have beerr. You actually
changd the numbers of silver stoms on the ket hand side afier vou checked them a
the beginning. It so kappens thar the problem correctad itsell when you put the 2 in
front of the AgCl on the right = but that won't always Bappen.

Exwmnple 3: ethane + oxygen — carbon dioxide + water
Balance the equation: CH, + 0, < (0, + H 0
Starting from the left, balance the carbons:

CH, +10, = 200, + H,0
Now the hydrogens:

CH, +0,-200,+ 00

And tinally the oxygens: There are 7 oxygens (4 4 3) on the right-hand side, but
only 2 on the left. The problem is that the oxygens have to go around in pairs - so
how can you get an odd number (7) of them on the left-hand side?

The trick with this s to allow yourself 10 have halves in your equation. 7 oxygen
atoms, (), is the scume as 3% oxygen molecules. 0,

CH, +3%0,- 200, + IH0

You might reasonably argue that you can’t have half an oxygen molecule, but to
aet rid of that problem vou only have to double everything,

20 H, + 70, 400, + 61,0

State symbols

State symbols are often, but not always. written after the lormulac of the various
substances in an equation to show what physical state everything is in. You need to
know four different state symbols:

(s) solid (1) liquid {g) gas (&) inaquecus solution (solution in water),
So an equation might look like this:
2Kis) + 2H 01 — 2KOH(aqg} + H,(g)

This says that solid potassium reacts with ligquid water to make o solution of
potassium hydroxide in water and hydrogen gas.



End of Chapter Checklist

You should now be able to:

v remember the formulae for some simple covalent compounds such as water and carbon dioxide
v work out the formula of a simple covalent compound from its electronic structure
v work out formulae for simple ionic compounds from the symbols and charges of their component

ions

v balance simple equations for familiar reactions, or reactions where you are given the names of

everything involved

v~ understand and use the state symbols (s}, (1), (g} and (aq).

Questions

You will need to use the Periodic Table on page 226,

1

Work out the formulae of the following compounds.

lead(ll)} oxide
magnesium sulfate
potassium carbonate
calcium nitrage
iran(l1) sulfate
sluminium sulfate
cobalt{ll) chloride
silver nitrate
smmaniym nitrate
sodium sulfate

sodium bromide
zine chionde
ammonium sulfide
iron{ill) hydroxide
copper(ll} carbonate
calcium hydroxide
calcium oxide
iron(Il) fluarice
rubidium icdide
chromium(Iil} axide

a) Hydrogen sulfide i a gmple covalent compound of
hydrogen and sulfur.

(i) Write down the electronic structures of hydrogen and
sulfur.

(i) Draw a dots-and-crosses diagram to show the
bonding in hydragen wifide,

(i) What is the formula for ydrogen sulfide?

b) Silane is the simplest compound of silicon and hydrogen.
Wark out the formula of silane by drawing a dots-and-
crasses diagram af it,

Balance the following equations:

a) Ca+H,0—Ca{OH),+ H,

b) Al +Cr,0, - AlLO,+Cr

¢) Fe,0,+CO —Fe+CO,

d) NaHCQ, + HSO, -+ NaSO,+CO, +HO
e) CH,+0,—-C0O,+HO

f) Fe+ HO s FeCl,+ H,

g) Zn+ HSO, - ZnSO, + H,

h) Fe O, +H, —Fe+HO

i) Mg+0O,— MgO

J) Pb+ AgNO, - P{NO ). + Ag

k) AgNO, + MgCl, — Mg[NO ), + AgCl
) CH ,+0,-C0,+HO

m) Fe O, +C s Fe+CO

Rewrite the follewang equations as balanced symbal
equations:

a) sodium carbonate + hydrochloric acid (HCI) — sodium
chloride + carbon digxide + water

b) sodium hydroxide + sulfuric acid (H,50,) —» sodium

sulfate + water
¢) sedium + water — sodium hydroxide « fydrogen (H))
d) sodium + chlorine {C1) — sodium chloride

e) ironllll) oxide < nitric acid (HNO ) — iron(lIl) nitrate +
wialer

f) zinc + oxygen (O) — zinc oxide

g) copperill) axide + hydrochloric acid — copper(l) chioride
+ waler

h) barium chlorde + sodium sulfate — barlum sulfate +
sodium chloride

i) zinc + lead{ll) nitrate — lead + zinc nitrate

j) copperill) sulfate + potassium hydroxide —» copper{li}
hydroxide + potassium sulfate

k) magnesium + copper(ll) oxdde — magnesium oxide +
copper




I} sodium + axygen (O ) — sodium oxide
m) iran + chionne (C1) — iron{tll) chloride

5 Write balanced symbol equations from the following
descriptions, Everything must have a state symbol attached

a) Solid calcium carbonate reacts with a dilute solution of
hydrochloric acid (HC) 1o give a solution of calcium
chiloride and carbon dioxide gas. Water is also formed

b) Zinc metal reacts with copper(ll) sulfate solution to give
solid copper and a solution of zinc sulfate.

c) Magnesium reacts with dilute sulfuric acid 1 give
magnesium sulfate solution and hydrogen

d) Iron{lll) sulfate solution and sadium hydraxide solution
react to give solid iroadlll) hydraxide and a solution of
sodium sulfate.

e) Solid aluminium reacts with a dilute solution of
hydrochlaric acid {HCI) to give a solution of aluminium
chloride and hydrogen (H ).

) Solid ironil) cade reacts with a dilute solution of sulfurc
acld to give ironflil) sulfate soluton and water.

g) Solid lead(ll) carbonate reacts with a dilute solution of
nitric acid (HNQ,) 1o give a solution of lead(ll) nitrate,
carbon dioxide and water.

h) Magnesium reacts if heated in steam to produce white
solid magnesium oxide and hydrogen (H,)

i) A mxture of carbon and copper(il} oxide heated 1ogether
produces copper and carbon dioxide.




Figure 6.1 Some reactioms are very fast Figure 6.2 Some reactions happen over several
rwnaufes

Figure 6.3 Rixsting rakes days or waecks Figure 6.4 The weathenng of megane and the
formation of stalagmites and stalactites takes a
wery lang time

An investigation of the reaction between marble chips
and dilute hydrochloric acid

Marble chips are made of calcium carbonate, and react with hydrochloric acid to
produce carbon dioxide gas. Calcium chloride solution is also formed

Caco,(s) + 2HCHag) — CaCl (aq) + H,0(l) + CO,(g)

Reactions can vary in speed between
those that happen within fractions of
a second ~ explosions, for example -
and those that never happen at all.
Gold can be exposed to the air for
thousands of years and not react in
any way.

This chapter looks at the factors
controlling the speeds of chemical

reactions. /

oF Reaction

S

2l
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Flgure 6.5 Investipating the reactian betwenm
cakowm carbonate and hydrochion: aod

You can use a gaph to find actual valves for
the rate of reacon at ary partcular ome, by
drawing a tangent to the line at the ime you
are imerested in and finding its slope. If the
maths of thes makes you uneasy. don't woay
about i You are unbkely to be asked to do it
Inan exam

Figure A.3 shows some apparaius that cam be used 10 measure how the mass of
carbon dioxide produced changes with time, Part 1) is drawn as the apparatus
would look before the reaction staris.

The flask is stoppered with cotton wool and contains marble chips. The cotion wool
is to allow the carbon dioxide to escape, but to stop any acid spraying out. The
measuring cylinder contains dilute hydrochloric acid. The marble s in large excess
—most of it will be left over when the acid is all used up. Everything is placed on a
top pan balance, which is reset 10 zero.

Part (b) shows what happens during the reaction, The acid has been poured into
the ask and everything has been replaced on the balance,

Notice that once the reaction starts. the balance shows a negarive mass. This
measures the carborn dioxide escaping through the cotton wool,

The mass of carbon dioxide lost is measured at intervals, and a graph is plotted.

1.1+
5 10~
-g 09+ " graph becomes horlzoneal showing

08 e that no more carbon dioxide Is being

g;~ -___\b praduced - the reaction has stepped
~ 05+ “=-graph is geting less steep showing
O 04+ that the reaction is skywing down
"g edl [ A graph is very steep showirg lots
g 02~ e it of carbon dicxide produced per

o.tl) obrmnr minute - the reaction s fast

DI 23 45678 %I1011I12
time {minutes)

Flgure 6.6 The mass of carban dioxide logt when cakeum carbonate reacts wath hpdrochlonic acad

The stecper the slope of the line, the faster the reaction. You can see from Figure
6.6 that about 0.45 g ol carbon dioxide is produced in the lirst minuie in this
example. Less than 0.2 g of extra carbon dioxide is produced in the second minute
-~ the reaction is showing down,

The reaction is fastest ot the beginning. It then slows down, until it eventually stops
cause all the hydrochloric acid has beern used up. There will still be unreacted
manrble chips in the lagk.

You can measure how fast the reaction is @oing at any point by linding the slope of
the line at that point. This is called the rate of the reaction ot that point. You
might. for example, lind that at a particular time. the carbon dioxide was being lost
at the rate of. say, (0.12 g per minute.

Explaining what’s happening

We can explain the shape of the curve by thinking about the particles present and
how they interact. This is called the collision theory.

Reactions can bappen only when partickes collide. In this case, partickes in the acid
have 1o collide with the surface of the marble chips, As the acid partides get used
up, the collision rate decreases, and so the reaction slows down. The marbleis in
such large exoess that its shape doesn't change muck during the reaction,



early in the o 9 °° o°° later in the Q o
o

reaction reaction
lots of acid [w] [+ fewer acid
particles and || A chip Q parocles left marble chip @
lots of callisions Q o0
Q
09,959,090 0 ¢

Figure 6.7 As the reaction proceeds, the coilision rate of acd particles deoraaues

A different form of graph

At GCSE. you normally plot graphs showing the mass or volume of product formed
during a reaction. [t is possible. however, that you may come across graphs
showing the fall in the concentration of one of the reactanis - in this case, the
concentration of the dilute hydrochlonce acid.

e toncentraton of acid is falkeg
adckly showirg a fast resction

_.-—-graph &z getong less steep
—" showing that the reacuon
15 slowing down as the aod
15 used up

conceneration of ack

all acid is vaed up — the
..' reaction Fus stopped

Figure 6.8 The fa in concentration of hydrochione aod
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Where the graph is falling most guickly, it shows that the reaction Is Fastest.

Eventually: the graph becomes horizontal because the reaction has stopped.

Changing the conditions in the experiment
U'sing, smatller marble chips

You can eastly repesrt the experfment using exactly the same quamtities of If you are going to mvesugate the effect of

everything, but using much smaller marble chips. The resction with the small changng the size of the marble chips. 1t

chips happens faster. ts important that everything else stays the
exacty the same.

Eoth sets of results are plotted on the same graph. Notice that the same mass of ——

carbon dioxide is produced, bacause you are using the same quantitics of
everything in both experiments. However, the reaction with the smalker chips starts
off much more quickly and finishes sooner,

i) N although reaction is
faster, the same
g amount of carbon
\ . M l '
g <~ much steeper slope ™ graph becomes thoilce b pro
™ (o start with, shawing  horizoneal more
8 [aster resction quickly. shawing
B that resction
n — otiging martde chips tops sooner
g —— smader marble chips

tme (minutes)
Figure 6.9 The effect of using smaller marble chips
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Figure 6.31 A rewl homeypcomb produced &y bees -
In @ cotalylic commitey, a Semilor sTrciiure 1 macke
af a cavam¥e coated with catalyst, to grw a wry
hrgh swface area for the exhoust gases to flow
through

The reasan you get half the mass of carbon
deoxide s because you onty have half the
amount of acxd present. [You have the
same valume of acid. but it is anly half as
concentiated )

I you go on to do chemistry at a higher
level, you will come across a few reactions
In which inoreasing the concentation of ane
of the reactants has no effect on bow fast
the reaction happens. You can ignore that
problem for now

=7

Reactions between solids and liquids (or solids and gases) are [aster if the solids are
present as o bot of small bits rather than a few big ones. The more finely divided the
solid. the faster the reaction, because the surface areax in contact with the gas or
liquid is much greser

one big ump same lump splic into smaller pleces
o a 9 QLo e 9
° ° g 0 o %,
° IS 2
R AR e QoG =)
02000000002 @ @ 9 0000 o
o OLTOLOLLOLOD - @ el o Od e
a o ° °‘-" '?0 % o0 &%‘_\ o
° a 0oo 9SSR e euon
9 0°P g o o

liquid (or gas) particies can't gec at the

far fewer partides are now hidden away
parocles hidden In the middie of e solid

Figure 6.10 The mare deaded the wolid, the faser the reaction,

High surlace areas are frequently used to speed up reactions outside the lab. For
example, a catalytic converter for a car uses expensive metals such as platinum,
palladivm and rhodium, comed onto a honeycomb structure in a very thin layer, in
order to keep costs down.

In the presence of these metals, harmful substances such as carbon monoxide and
nitrogen oxides are converted into relatively harmless carbon dioxide and nitrogen
The high surface area means the reaction is very rapid. This is important becse

the gases in the exhaust system are in contact with the catalytic converter for only
a very short time

Changing the concentration of the acid

You could repeat the experiment using the original marble chips, but using
hyvdrochloric acd only hall as concentrated as belore, Evervihing else would be the
same - the mass of marble and the volume of the acid,

You woukd find thun the reaction would be slower, and only hali as much gas woukd
be given off,

(N
2 10-
v 09 reaction Fasn't quite,
§ 0.8 stopped yet. bue will
E 0.7 eventuadlly produce
5 06 half the CO:
o 05
U 04
T 0.3 ‘
2 021 “~slower | — otiginal concentration
E 0144 reaction | = half the concentration
0

I 2345678910112
time (minutes)
Figure 6.12 The effect of changing the cancentratian of the aod.
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In general terms, i you increase the concentration of the reactants, the reaction
becomes faster, Increasing the concentration increases the number of times the
particles hit each other per second
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o 5,
lower concentration higher concentravon

Figure 6.13 Ar a fvgher concentration, more portickss callide per sscond.

Changing the temperature of the reaction

You could do the original experiment again. but this time at a higher temperature.
Everything else would be exactly the same as before.

Reactions get faster as the temperature is increased. In this case. the same mass of
zas would be given off, bavause vou still have the same quantitics of everything in
the mixture.

— origiral temperature
—— higher temperature

mass of CO, produced (g)

tme (minutes)
Flpure 6,14 The effect of changing the temperahire of the reaction

As a rough approximation, a 10°C increase in temperature doubles the rate of o
saction, There are two factors at work bere,

[ncreasing the temperature means that the particles are moving faster. and so kit

each other more often, That will make the reaction go faster. but it only accounts
for & small part of the increase in rate.

Not all collisions end up in a reaction. Many particles just bounce off each other., In
order lor anything interesting to happen. the particles have to collide with a
mirimum amount of cnergy. calked activation encrgy.

A relatively small increase in temperature produces a very large increase in the
rumber of collisions that have enough energy for @ resction 1o occur.

lower u:mpenture hegher :en'peraturt

e}
L e Scol
A % '9
0 q® 00 .é}
o '\-1; ,./- %1

e ® ® U o
lots of colisions don't  Higher number of
peoduce a reaction uselul collisicns

Figure 6.15 A small increaser m remperature produces a large increase in the number of collions with
achiuwalion enavgy
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Charging the pressure on the reaction

Changing the pressure on a reaction where the reactants are only solids or liguids
makes virtually no difference to the rate of reaction — so In this case, the graphs
would be unchanged. But increasing the pressure on a reaction where the
reactants are gases does speed the reaction up.

If you have o lixed amount of a gas, you increase the pressure by squeezing it into a
smaller volume

Theis forces the particles closer togetbeer, so they hit each other more frequently, This
ks excacily the same as increasing the corncentration of the gas.

same number of

o e partcles squeeted
o into smaler volume
Q ‘
o o
) Q e ©
lower presuure higher pressure

Figure 6.16 Mncreased pressune means gas particies collide mare fraguentiy.

Catalysts

What are catalysts?

Catalysts are substances that speed up chemical reactions, but aren’t used up in the
provess. They are still there, chemically unchanged, at the end of the reaction.
Because they don't get used up. small amounts of catalyst can be used to provess
lots and lots of reactant particles — whether atoms or molecules or fons. Different
reactions need different catalysts.

Think of a catalyst as being rather like a machine tool in a factory. Becawse the tool
doesn't get used up. one tool can provess huge amounts of stainless steel into
teaspoons, lor example. A different tool could turn virtually endless quantities of
plastic into yoghurt pots

The catalytic decomposition of hydrogen peroxide

Jombardier beetles defend themselves by spraying a hot, unpleasant liguid at their
attackers, Part of the reaction involves splitting hydrogen peroxide into water and
oxygen, using the engyme catalase, This reaction happens almost explosively, and

produces a lot of heat, Enzymes are biological catalysts,

There are a lot of other things that also catalyse this reaction. One of these s
manganese(IV) oxide — also called manganese dioxide, MnO - This is what Is
normally used in the lab 1o spead up the decomposition of hydrogen peroside.

The reaction happening with the hydrogen peroxide is:

hydrogen peroxide — water - oxygen

Flgure 6,17 Bambardier bevtles use hydrogun 2H 0 ,(ag) — 2H,0(l) » O,(g)
peroade as part of thewr defence mechansm




Notice that you don't write catalysts into the equation, because they are chemically
unchanged ot the end of the reaction. If you like, vou cam write their name over
the top of the arrow.

Measuring the volume of oxygen evolved

cotron .- m

side-arm - ;....._

flask / l \ ' | - I )
tydrogen / I‘-' EAs syTinge
peraxtde\ 't & — weighing borde contining
soludon 1Y e 0 manganese(IV) oxide

Flpure 6,18 Apparatus (o measure the walume of axygen svahegd

When you are ready to start the reaction, shake the flask so that the weighing
bottle falls over and the manganesel 1V) oxide comes into contact with the hydrosien
perovide. You need to keep shaking so that an even mixture is lormed.

You could use this apparatus 10 Hrd out what happens to the rate of reaction if
you:

@ change the mass of the catalyst
chamge how ‘lumpy’ the caralyst is
use a different catalyst

change the concentration of the hydrogen peroxide solution

chamge the temperature of the solution,

In each case, you could measure the volume of oxygen produced at regular
imtervals, and produce graphs just like the ones earlier in this chapter. However., if
you wanted to ook in a more detailed way at how a change in concentration or
temperature, for example, affects the rate of the reaction, there is a much casier
way of doing it

Exploring the very beginming of the reaction

An easy way of comparing rates under different conditions s to time how long it
takes to produce a small, but constant. volume of gas — s 3 om® = as vou vary the
conditions. You take measurements of the rate a1 the beginning of the reaction -
the so-called Inftial rate.

Thiis experiment uses an upturned measuring cylinder to measure the volume of
the gas, The cvlinder is initially full of water.

cotron o — - <o small

2 m_____ | measuring

side-arm | [r— \ cylinder

Mask / 3

SR T ! ‘ \ || [beaker

solugon (S lay ) ) of water
Sweighing botde comtaining

marganese||V) oxide

Figure 6,39 Apparatus (o expiore the il rate of the reacton

Lsing a welghing bottle like the ane in Figure
618 1z o simple way of mnong the chermicals
together without losing any oxygen before
you can get the bung n

It 15 impassible to get the bung in quickly
without forcing a bit of air into the gas
singe. That grees a midesding reading on
the synnge
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Concentrations are measured in mol/dm?
{moles per cubic decimetre - alsa written
as mal dm 7] If you don't know what that
mears, it doesn't matzer for now

Chapter 6:
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Figure 6,20 Rate of reachion versis concent/ation

You woukd shake the flask exactly as before 10 mix the hydrogen peroxide and
mamganese( V) oxide,
This time you record how long it takes for 5 om?* of oxygen to be collected in the
measuring cylinder.
Then you set up the experiment again, changing one of the conditions {(lor
example, the concentration of the hydrogen peroxide) and lind out how long it
takes to produce the same 3cm’ this lime.

Concentration (mol/dm’) 200 100 050 025

Thne 1o collect 3 em’ of oxygen () 10 20 40 |80
Table 6.3: Vanymyg the concenératian - some sample reasitc

You will see from Table 6.1 that every time vou halve the concentration. it takes
twice as long to produce the 3cm’ of gas. That means the rate of reaction has also
been halved. You can see this more easily if you work out the initial rate for cach
reavtion,

The rate of the reaction would be worked oot in terms of the volume of oxygen
produced per second. If it takes 108 o produce Sem’® at the beginming of the
=iction, then:

Initial rate = 5/10 =« 0.5cm’/s

1f you do this for all the experiments. and then redraw Table 6.1, you get the
numbers in Table 6.2.

Concentration imol/dm’l  2.00 L.on .50 0.25
Initial rate {cm'/s) 0.3 023 0DI25 00625

Tabde 6.2: How the inilial rate changes with concentration

Figure 6.20 shows that the rate of the reaction s proportionad 1o the concentration
— whartever you do to the concentration also happens to the rate. Il you double the
concentration. the rate doubles — and so on.

Varying the tempeniture — o ssanple graph

You could repeant the experiment, starting with the hydrogen peroxide solution at o
range of different temperatures [rom room temperature up 1o about 30°C,

10+
0.5
E 06
)
go
024
0 T .
0 0 30 40 5

temperature (*C)
Figure 6.21 Reaction rate wrws lemperalue.

This time (Figure 6,2 1), the graph isn’t a straight line,



As arough approximation, the rate of a reaction doubles lor every 10°C
femperature rise,

Showing that a substance is a catalyst

[t isn't dificult 10 show that mangmese[V) oxide speeds up the decomposition of
bydrogen peroxide 1o produce oxyaen, Figure 6,22 shows two (lasks, both of which
contain hydrogen peroxide solution. Without the catalyst, there is only o trace of
bubbles in the solution. With it, oxygen is given ofl quickly,

How can you show that the manganesel IV) oxide is chemically unchanged by the

saction? [ still looks the same, but has any been used up? You can only find out by
weighing it before you add it to the hydrogen peroxide solution, and then
reweighing it at the end.

You can separate it from the liquid by fillering it through a weighed filter paper,
allowing the paper and residue to dry, and then reweighing it to work out the mass
of the remaining manganese1V) oxide, You should find that the mass hasn't
changed,

How does a catalyst work?

You will remember that not all collisions result in a reaction happening, Collisions
bave 10 involve at lesest o certain minimuom amount of energy, called activation
energy (page 45).

You can show this on an energy diagram. In order for anything interesting to
happen. the reactants have to gain enough energy 1o overcome the activation
energy barrier.

ACOVATCN

ensrgy

progress of the reaction
Figure 6.23 Actixation emergy

I & reaction is slow, it means that very few collisions have this amount ol energy.
This means that when most collisiors happen, the particles will simply boursoe off
each other,

Adding a catalyst gives the reaction an alternative and easier way for it to happen -
Involving a lower activation energy.

The approximation that reacton 1ates
double for every 10°C rise i temperature
works for quete a lot of reactions, & long &
you are within & few tens of degrees of room
temperatune

Figure 6.22 The flasks bath contain hydeagen
peroxide solution, the right-hand ane has a irtle
MO, added to spoad up oxygen production
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energy

progress of the reacton

Figure 6.24 Activalion ervrgy 'with a catalyst

If the activation encrgy is lower. many more collisions are likdy 1o be successiul,
The reaction happens faster because the alternative route is casier.

Catalysts work by providing an alternative route for the reaction. involving a lower
activation enerdy.

You can illustrate this with a simple everyday example. Suppose you have o
mouniain between two valleys. Only a few very energetic people will cimb over the
mountain from one valley to the next.

Now imagine building a road tunnel through the mountain, Lots of people will be
able 10 traved casily from one valley to the next

Warning! Be careful how you phrase the statement explaining how a catalyst
works. You shoukd say “Catalysts provide an alternative route with a lower
activation energy’,

Chapter 6

They do not ‘lower the activation energy’ — any more than building a tunnd
lowers the mountain. The original route is still there, and if particles collide with
enough encrgy they will still use it just as very energetic people will still choose to

Flpure 6,25 Traffic passes vacly through a oad 3
tirel ivider @ Drourtoi climb over the top of the mountain,

Catalysts in industry

Catalysts are espedially important in industrial reactions because they help
substances to react guickly at lower temperatures and pressures than would
otherwise be neaded. This saves money.

You will meet several examples of indusirial use of catalysis Later in the course.




End of Chapter Checklist

You should now be able to:

v suggest examples of reactions that happen at different rates, from very fast to very slow

v know and explain (in terms of collision theory) what happens to the reaction rate when you
change surface area, concentration, pressure or temperature

define what a catalyst is, and explain how it speeds up a reaction

know why catalysts are important in industry

NONINN

product varies with time.

Questions

1 Astudent carried out an experiment to investigate the rate of
reaction between an excess of dolomite (magnesium
carbonate) and S0cm’ of dilute hydrochloric acid. The
dolomite was in small pieces. The reaction is:

MgCO [s) + ZHCl{aq) —» MgC {aq) + H.O(l) + CO (g}

He measured the volume of carbon dioxide given off at
regular intenals, with the results shown in the table below.

Tima(s) 030 60 50 120 150 180 210 240 270 300 330 360
Volume (cm’) 0 27 45 59 70 78 8BS S0 W4 97 99 100 100

a) Draw a diagram of the apparatus you would use far this
expeniment, and explain briefly what you would do.

b) Plat these results on graph paper, with time on the x-axis
and velume of gis on the y-axis

¢} At what time is the gas being given off mast quickly?
Explain why the reaction is fastest at that time.

d) Use your graph to find out how long it took to praduce
50cm’ of gas.

e) Inexch of the following questions, decide what waould
happen to the initial rate of the reaction and to the total
valumme of gas given off if vanous changes were made to
the experiment,

(i) The mass of dolomite and the volume and
concentration of acid were kept constant, but the
dolomite was in one big lump instead of small bits.

(i) The mass of dolomite was unchanged and it was still
in small pieces. 50cm’ of hydrochloric acid was used,
which had half the original concentration

(Hi) The dolomite was unchanged again. This tme 25cm?
of the anginal acid was used instead of 50em”.

describe simple experiments to investigate rates of reaction
be able to draw and interpret simple graphs showing how the amount of either reactant or

2 The effect of concentration and temperature on the rate of a

(iv) The acid was heated to 40°C before the dolomite was
added to it

reaction can be explored using the reaction between
magnesium ribbon and dilute sulfuric acid:

Mgls) + H SO, (ag) — MgSO (aq) + H (g)

A student dropped a 2cm length of magnesum ribbon into
25cm’ of dilute sulfunc acid in a boiling tube (a large excess
of acid). She stirred the contents of the tube continuously and
timed how long it took for the magnesium to disappear.

a) What would you expect to happen to the time taken for
the reaction if she repeated the experiment using the
same length of magnesivm with a mixture of 20em? of
acid and Sem’ of water? Explain your answer in terms of
the collision theary,

b) What would you expect to happen to the time taken for
the reaction if she repeated the experiment using the
original quantities of magnesium and acid, but first
heated the acd to 50°C? Explain your answer in terms of
the collision theory.

c) Why is it important to keep the reaction mixture stirred
cantinuously?

Catalysts spesad up reactions, but can be recovered chemically
unchanged at the end of the resction,

a) Explain briefly how a catalyst has this effect on a reaction.

b) Describe how you would find out whether copper{li}
axide was a catalyst for the decomposition of hydrogen
peraxide solution. You need ta show not anly that it
speeds the reaction up, but that it & chemically
unchanged at the end.




End of Section A Questions

You may need to refer to the Periodic Table on page 226 3.
1. The diagrams show an atom and an lon. A
. : \
(®) (&)s
\ |\
\ / / @ neutron
\, _/ \__ _/
A B :
a) Which of the diagrams represents the arrangement of the
a) Which of the two structures represents an atom? Explain 5:;‘;':’; '"ng’, magnesium metal, (i) sofid sodium S‘:::rti
your choice. (2 marks) o g
b) Use the Penodic Table to help you to write the symbol b) Explain why:
(including the charge) for the structure representing an (i} magnesium can be stretched to form magnesium
on. {2 marks) ribban. (1 mark)
¢} Complete the following table showing the relative masses {if) magnesium conducts electricity {2 marks}
and hrgesof e various particies (i) sodium chloride crystaks are brittle. {1 mark]
5 Relative charge (iv) diamand s extremely hard (2 marks}
,ll RO *} c) (i} State any ane physical property of graphite which is
=3 neutran 0 different from diamond. (1 mark)
é electron 1/1836 {ii) Explain how the difference arises from the
- arrangement of the atams in the two substances
2 {3 marks) (3 marks)
-
E d) Find the elements strontium, Sr, and bromine, Be, in the Total 12 marks
v Periodic Table. How many electrons are therein the auter 4 1, the nineteenth century, John Dalton put forward an atomic

lews of each of these atoms? {7 marks)

e) Strontium combines with bromine to form strontium
braomide. What happens ta the efectrons in the outer
levels when strontium atoms and bromine atams
combine ta make strontium bromide? (2 marks)

(T mark}

g) Wauld you expect strontium bromide to have a high or a
lew medting point? Explain your answer. (3 marks)

Total 15 marks

f) What is the formula for strontium bromide?

2. a) Draw dols-and-orosses diagrams Lo show the

arrangement of the electrons in (i} a chlonine atom, (i) a
chloride ion, (i) a chlorine molecule {4 marks)

b) Dichloromethane, CH C is a Hguid with a low boiling
point used In paint strippers. Draw a dots-and-crosses
diagram to shaw the bonding in dichloromethane. You
need anly show the electrans in the outer levels of the
atorms {3 marks)

¢) Dichloromethane contains strong carbon-hydrogen and
carbon-chlorine bonds. Despite the presence of these
strong bonds, dichloromethane is a liquid. Explain why.
{2 marks)

Total 9 marks

theory in which he suggested that atoms of & given eement
were ol alike, but differed fram the atoms of other elements
He thought that elements combined in small whele-number
ratios like 12 or 2:3, and that chemical reactions invobved
rearranging existing atoms Into different compounds,

a) Choose a compound with atoms arranged in the ratio 1:2,
and write its formula (1 mark)

b) The law of conservation of mass says that in a chemical
reaction, matler is neither created nor destroyed. Explain
haw that statement is consistent with Dalton’s theory

{2 marks)

c) In the twentieth century, a flaw was discovered In Dalton's
theory when it was found that there were two different
kinds of neon atorms (Ne), one with a mass number of 20
and the other a mass humber of 22.

(i} What name i given to these two different kinds of
neon atom? (1 mark)

(i) Write daown the numbers of protons, neutrons and
electrons in sach of thess atorms, {2 marks)

{iii) Would you expect there to be any differences
between the chemical properties of the two sorts of nean
atom? Explain your answer. (2 marks)

Total 8 marks



5. Inan experiment to investigate the rate of decomposition of

hydrogen peroxide solution in the presence of manganese{IV)
oxide, 10cm® of hydrogen peroxide solution was mixed with
30om’® of water, and 0.2g of manganes={IV) axide was added.
The volume of axygen evolved was measured at 605 intervals,
The results of this experiment are recorded in the table
below.

0 6 120 180 240 300

0 30 48 57 60 &0

a) Balance the equation for the decompesiton of hydrogen
percndde, including all the appropriate state symbols

HO,—-HO+0, {2 marks)

b) Copy and complete the diagram to show how the volume
of axygen might have been measured.

Conon —— ']
dde-am—— ';
farsk !
hydrogen peroxid 3
solsion + W0, YN weiating bocle

{Z marks)

¢} Plat a graph of the results on a peece of graph paper, with
time on the horizontal axs and valume of axygen an the
vertical axis. {4 marks)

d) Use your graph to find out how long it took to produce
50cm’ of cxygen. {T mark)

e} Explain why the graph becomes horizontal after 2405
{2 marks)

f) Suppose the experiment had been repeated using the
same quantities of everything, but with the reaction flask
immersed in ice. Sketch the graph you would expect ta
get. Use the same grid as in part {¢). Label the new
graph £ {2 marks)

@) On the same grid as in {¢) and {f), sketch the graph you
would expect to get il you repeated the experiment at the
ariginal temperature using 5cm’ of hydrogen peroxide
solution, 35cm’ of water and 0.2 g of manganese(IV)
aide. Labet this graph G. {2 marks)

Total 15 marks

6. Dunng the manufacture of nitric acid from ammonia, the

ammonia is oadised to nitrogen monoxide, NO, by oxygen in
the air.

4ANH,(g) + 50 (g) —» 4NO{g) + 6H,0(g)

The ammaonia is mixed with air and passed through a stack of
large aircular gauzes made of platinum-rhodium alloy at red
heat (abaut $00°C). The platinum-rhodium gauzes act as a
catalyst for the reaction.

a) Gas particles have to collide before they can react. Use
the collision theory to help you to answer the following
questions.

(i} Because the gases are in contact with the catalyst for
only & very short time, it is important that the reaction
happens as quickly as passible. Explain why increagng the
Termnperature to 900°C makes the reaction very fast

{3 marks}

{it) Explain why the reaction rate can also be increased by

increasing the pressure. {2 marksj
(iii) Explain why the platinum-rhodium alloy is used as
gauzes rather than as pellets. {2 marks)

b} Platinum and rhodium are exaremely expensive metals,
Explain why the manufacturer can justify their inital cost,
{2 marks}

Total 9 marks

Sectrion A:

JUES




Chapter 7: Oxygen and Oxides

PN
Section B: Some Essential Backgroun\d(ih’;imist,riy} f

This chapter locks at oxygen in the air
and in the lab, and intreduces some
simple oxides.

It s important o realise that these figures
appby only 10 dry, wnpallvted an, Air can have
arpwhere beaween 0 and 4% wazer vapour
The parcentage of carbbon dioxsde i the air,
although very small is rising steadiy because
of human actaity

A silica tube looks like glass. but 2 won't mels
hawever strongly you heat i with 3 Bursen

. \ -~
T—— N e ——

Chapter 7: Oxygen and Oxides

Oxygen

The composition of the air

Flgure 7.1 Duspite the extra gaiss aoded by Figure 7.2 the campasaian of the air 15 much
ngustry . the wame a3 @ was 200 eilbon years ago

The approxine peroentages (by volume: of the main gases present in egolluted,
dry air are shown in Table 7.1,

Gas Amount in air (%)  Amount in air (fraction)
nitrogen 78.1 about 4/5

OXYen 21,0 about 1/5

argon 0.9

carbon dioxide 004

Table 7.3: Appraximate percersages (by valtime) of the main gases i unpodiied, dry o,

There are also very small amounts of the other noble gases in the air.
Showing that air contains about one-fifth oxygen
Using copper

Thee apparatus shown in Figure 7.7 can be used to find the percentage of oxygen in

the alr.
arigirally 100 om' of ar ,silica tube packed
N,
\ // with copper
b ——-— ‘ ——
| ! A < A |-
Y Em syringe
heat

Flgure 7.2 Using copper to measune the axygen in ar

The apparatus originally contains 10D cm’ of air This is pushed backwards and
forwards over the heated copper, which turns block as coppert L) oxide is formed.,
The volume of gas in the syringes falls as the oxygen is used up,

2Cufs) + O,(g) — 2CuO(s)

As the copper reacts, the Bunsen is moved along the tube so that it is always
heating fresh copper,



Eventually, all the oxyzen in the air is used up, The volume stops contracting and
the copper stops turning black. On cooling, somewhere aroutd 79 cm® of @as is lefi
in the syringes — 2 1% has been used up.

Therefore the air contained 21% ol oxygen.
Usinyg the rusting of tron

[rom rusts in damp air. using up oxygen as it does so. Figure 7.4 shows some damp
iron wool in a test tube containing air. As long as the inside of the tube is wet, vou
could sprinkle iron filings info the tube instead of the iron wool, The iron filings
will stick 10 the sides,

The tube is invertexd In a beaker of water, and the level of the water in the tube is
marked by a small rubber band. The tube is now left or a week or so for the fron to
use up all the oxygen.

The water level rises in the tube as the oxvgen is used up. and the new kel can be
murked using a second rubber band. You can tind the actual volumes of the gases
at the end of the experiment by filling the tube with water to each of the rubber
bands in turn. and pouring it inte a small measuring cyvlinder,

If the original volume was, say, 150m?, and the fnal volume was 12 cm?, then the
oxyger usad up measured 3 om’,

The percentage of oxygen in the air was 3/15 x 100 = 20%,

Making oxygen in the lab

Oxygen is most easily made in the lab from hydrogen peroxide solution using
manganesel 1V oxide as a catalyst. The reaction is known as the catalytic
decomposition {splitting up using a catalyst) of hydrogen peroxide

2H,0 {aq) — 2H,0(1) + O.(g)

thistle hunnel

' i ——ntypen
side-arm boiling tube — » —_— collects
—bh
Iydrogen peroxide . | e
soluticn and solid ™
maganese| V) oxide Water

Figure 7.5 Making oxyger in the lab

Testing the oxygen

Oxygen rdights a glowing splint.

Burning elements in oxygen
Elements burn in oxygen much like they burn in air, only much more brightly:
Burning magnesium

Magnesium burns in air with a bright white lame to give a white, powdery ash of
magnesium oxide. Thee flame ks extremely bright in pure oxygen.

ZMg(s) + O (g) —+ 2MgO(s)

-
waber, -

rubber band~_
markdng nioal )
volume of air -

damp iran
wool

air

Swater fevel
rises in the
nbe

Figure 7.4 Using san ¢ maaaxe the axygen in ayr

A srmalar enperirment can be dore vath o
small piece of white phosphorus attached
Lo & kength of wire and heid in the top of
the tube Phosphorus smoulders in ait to
praduce two different phasphorous ouides
The lron reaction is easiey to do because
phosphons is quite dangerous 1o handle

Figure 7 5 shows thes expeniment using small-
scale apparanus, rather collecting the oxygen
In gas jars. If you wanted 10, you could easily
scale it up. But in pracoee, f you want gas
Jars of axygen, you would almost aheays get

it from an oxygen oylinder

Flgure 7.6 Magnesium ribban durming m air




Chapter 7: Oxygen and Oxides

Figure 7.7 Sulfur burming in oxpgen

You will find ot more about metaks and
nan-metals in Chapter 12, see page 100

You might perhape have buint some
magnesium in 2, mived the product with
viater and testedd the pH to lind that it vieas
maore alkaline than & suggested bere Thats
because there is some extia chesmstry
going on bere. Magnesium also reacts with
nitrogen in the air ta make magnesiom
rtride. This reacts with water to produce
ammaorsa, which ic quite alkaline. Many
boaks don't tell you about this, and leave you
to draw a completely faulty conclusion from
the expetiment!

Until quite recently 1t was thought that
carbanic acxd didn't actually mast as a
molecule, H CO, it has now been solated as
a pure substance. But . . it has been found
to be completely unstable in the presence

of water. Avokd ever usng the teem carborc
ackd! A solution of carbon dioxide in verter
Is essentially just that - a solution of carban
dioxide in water

Burning sulfur

Sulfur burns in air with a tiny, almast invisible, blue flame. [n oxygen it burns
much more strongly, giving a bright blue flame. Polsonous, colourkess sulfur dioxide
aas is produced.

S(s} = O,(g) — SO {g)
Burning carbon

Carbor burns if it is heated very strongly in air or oxvgen 1o give colouress carbon
dioxide gas. The carbon may produce a small yvellow-oranse fame and perhaps
some sparks. 1t depends on the purity of the carbon,

Cls) » O,{g) — €O, (g)

Oxides

Metal and non-metal oxides

Of the three elements we have looked at above. magnesium is a metal, whereas
sulfur and carbon are non-metals. There is a pattern in the effect of water on metal
and non-metal oxides.

Most metal oxides aren't soluble in water and don't react with it. If you shake some
solid magnesium oxide with warter, it doesn't seem 10 dissolve. However, il vou test
the pH of the mixture, you find that it is mildly alkaline, A very, very simall amount
does reaet with the water, forming somme magnesiom hydroxide. A very small
amount of that dissolves in water, giving a slightly alkaline solution,

MgO(s) + H,0(1) — M(OH) (s and aq)
On the other hand, many non-metal oxides react with water to give acidic
solutions. For example. sullur dioxide reacts with water to give sullurous acid,
H S0, Sulfurous scid is fairly acidic,

H,O(l) + 50,(g) — H,5S0 (aq)

Carbon dioxide dissolves to some extent in water, to give a solution which is
sometimes called ‘carbonic acld’ and given the formula H CO . In fact. the reaction
between carbon dioxide and water is a bit more complicated than this — but it does
aive a very slightly acidic solution.

Pon't assume that all non-metal oxides are acidic, A few are neutral, Water
(hydrogen oxide) is a good example, and =o is carbon monoxide, €O,

In summury:

® most metal oxides don't cither react with, or dissolve in. water - those that do
terd to form alkaline sclutions

® non-metal oxides often react with water to form acidic solutions — common
exceptions are water (H_0) and carbon monoxide



Non-metal oxides and the environment
Acid rain = sulfur dioxide and oxides of nitrogen

Rain is naturally slightly acidic because of dissolved carbon dioxide, Acid rain is
even more acidic because of the presence of various pollutants,

Actd rade ks cimsed when water and oxygen In the atmosphere react with sulfur Several mxdes of netrogen are involyed,
dioxide to produce sulfuric acid, or with various oxides of nitrogen. NO . to give including NO and NO, They are often gruen
nitric acid. 80 and NO_ come mainly from power stations and factories burning the general formula NO,

- ~—

fossil fuels, or from motor vehickes.

In petrol engines, sparks are used 1o ignite the petrol-air mixture to power the car.
These sparks also couse nitrogen and oxygen in the air to combine. to produce
axides of nitrogen.

Flgure 7.8 Uwe of very low-udfur foels fmits the
productian of suifur dsaade, but the spark n a

petral angine causes cxygen and nitrogen fram e
afr fo combing fo make oxides of miogen, NO_ Figure 7.9 Troes dying fram the effects of acd rain

Acid radn 18 worrying. mainly becanse of #s devastating effect on trees. and on life
In lakes. In some areas a high proportion of trees are affected. and are elther sick or
dying. In some likes the water is so ackdic that it won't support life. Limestone
lealclum carbonate) and some medals such as fron are also attacked by acid rain.

Chapter 7

The sedution te avid rain involves removing sulfur from fucls. ‘scrubbing’ the gases
from power stations and factories to remove $0, and NO |, and using catalytic
comverters in cars. The catalyst helps to convert oxides of nitrogen into harmlbess
nitrogen gas, but has no effect on sulfur dioxide. Unfortunately. catakytic converters
don't work properly until the catalyst becomes really hot, so they aren't elfective on
short journeys.

Carbon dioxide and global warming - the ‘greenhouse effect’

Figure 7.10 Fossi fush often contain suifur
compounds - burning therm procces sulfur droxide.

Figure 7.11 The graemhouse effect.




Some wientists believe that increases in
carbon dioxide will cause devastating
global warming. But others reject this, and
clwm that the increases in average watld
temperaiures during the twentieth century
were part al natuml heating and cochng
cycles dnven by the Sun and changes 1o
ocean currents, They believe the effect of
carbon deaxide will be small compared with
these

The balance between thess two views

i€ likely to change during the ietime of
this book Find out the current state of
scientific thought by followsng the intermet
links suggested for this chapter on the
avcomparmying webmsite.

Carbon dionde is abo produced when
maty metal carbonates (such as calcium
carbonate] are heated. You will find more
about this in Chapter 14 {page 122)

A precipitate s a fine sobid formed by &
chermecal reaction snvolving hquids or gases.

Figure 7.13 Uang a carbon dioude fire
extinguisher to pell out an dlectncal fire

There is no argument about the et that carbon dioxide absorbs infra-red radiation
in the way Figure 7.1 | shows. The absorption of infra-red radiation in this way is
nothing rmew — it has always happened. and is one of the processes that help 1o
enarintait the Earth af a temperature suitable for life,

And there is no argument about the increasing amounts of carbon dioxide in the
atmasphere. The level increases as more fossil fuels (coal, gas. and ol products such
as petrol) are burnt, and as forests are cut or burnt down to make way for
agriculture.

The argument is about how much real effect this will have on global temperatures,
At the time of writing, this argument was still going on,

More about carbon dioxide
Making carbon dioxide in the lab

Carbon dioxide is mast easily made by the reaction between dilute hydrochloric acid
and calcium carbonate in the form of marble chips.

€aCO (s) + 2HCl{aq) — CaCl,(aq) + €O, (g) + H,0(1)

J N

dhesde funnel L J

side-arm boiling twbe —| | 1_ . 4 P ;"’b"‘l'
R collects

dikure hydrochloric acid | |

marble chips -—-‘\g

Figure 7.12 Making carbun didnde m the fab.

Testing, the carbon dioxide
Carbor dioxide turns lime water (Calcium hydroxide solution) milky: It reacs 1o

aive a white precipitate of cakium carbornare.

CalOH),{aq) + CO,(g) —+ CaCO,(s) + H,01)

With am excess of carbon dioxide, the precipitate dissolves again to give a colourless
solution of calcium ydrogencarbornate.

€aCo,(s) + CO,{g) + H.O(1) - Ca(HCO,) (aq)

Simple properties and uses of carbon dioxide

Carbon dioxide is o colourless, odourless gas, denser than air, and slightly soluble in
water. It is used in carbomted (fizey ) drinks becavse it dissolves in water under
pressure. When you open the bottle, the pressure falls and the gas bubbles out of
solution.

1t Is also usad in Hre extinguishers 1o put out electrical fires, or those caused by
burning Hqulds, where using water could cause problems. The dense gas sinks onto
the flames and prevents any more oxygen from reaching them.
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End of Chapter Checklist

You should now be able to:

know the main gases present in the air, and their approximate percentage by volume

describe an experiment to find the percentage of oxygen in the air

describe how to make oxygen and carbon dioxide in the lab

describe the reactions of magnesium, sulfur and carbon with oxygen

know the patterns of acidity or alkalinity when metal and non-metal oxides dissolve in, or react

with, water

know the simple properties of carbon dioxide - limited to testing for it, its density, and its

solubility in water

know uses for carbon dioxide and be able to relate them to its properties
know that sulfur dioxide, oxides of nitrogen, and carbon dioxide may be the causes of

environmental problems.

Questions

1 a) Draw a labelled diagram of the apparatus you would use
to collect a few test tubes of axygen from the
decomposition of hydragen percade using
manganese(lV) axide as catalyst.

b) Write a balanced symbol equation for the reaction,
including state symbals.

¢) Describe the test for oxygen,

2 In each af the following questions, decide whether the
element described is a metal or & non-metal_ If you recognise
the element from its description, say what you think it is.

a) A yellow, crystalline solid that burns with a bright blue
flame in oxygen, giving a gas which dissolves in vater to
give an acidic solution,

b) A soft, givery salid that bumns in oxygen with an orange
flame to give a white oxide, When water is added to the
cide, the soluticn s strongly alkaline.

¢) A brown, flexible solid that forms a black oxide when
heated in oxygen. The axide is insoluble in water.

d) A shiny, grey solid that burns if heated very strangly in
axygen. The gas produced turms lime water milky and
praduces a slightly acidic salution.

3 Read the following passage and then answer the questions.

In 1895 an English physicist, Lord Rayleigh, noticed a tiny
difference betwesn the density of nitrogen made from
ammonia {1.2505 g/dm’) and nitrogen obtained from the
air (1.2572 g/dm’). The nitrogen was obtained from the air
by remaving oxygen and carbon dimade from it.

Sir Wiliam Ramsay passed nitrogen, which had been
obtained from the air, over hot magnesium. Magnesium
cambines with nitrogen to make solid magnesium nitride,
Mg N, At the end of this, he was left with a small amount
of gas that wouldn't combine with the magnesium. This
gas proved to be argon, contaminated with very small
quantities of other noble gases.

a) Suggest one reaction you could use to remove axygen
from the air without replacing it by another gas, Write the
equation for the reaction you give

b) How might you remove carbon dioxide from the air?

¢} Wnite a balanced equation for the reaction between hot
magnesium and nitrogen. Dan't forget the state symbols.

d) By considering the density figures given, s argon denser
or dess dense than nitrogen? Explain your reasoning,

e) Name any two other noble gases which might be found
maxed with the argon,

Explain why:

a) carbon dioxide & used in some fire extinguishers

b) a battle of fizzy dnnk doesn't fizz until you take the top off

¢} buming a fuel containing sulfur as an impurity causes acid
rain

d) petrol engines produce axides of nitrogen

e) acar with a catalytic converter can still produce paollution
under some circumstances.

Chapter 7: Uoygen ar




Chapter 8: The Reactivity Series

The reactivity series lists efements
{mainly metals) in order of decreasing
reactivity. It fs likely that you will have
come across some of this chemistry
already in earlier years. This chapter
reminds you about some simple
reactions involving these elements
and their compounds, and then uses
these reactions to intreduce some new
and more complicated ideas.

silver

Figure 8.4 Elements in arger af reactinty

/7
7

Figure 81 Rax's are welded together using malten
iron, produced by @ reactivily series raaction
Perwern alaminkam and fonflIl) axide

Figure 8.2 Goild #s w0 vnreactive thal i wat remvain
chemucally unchanged in cantact wath the air or
water far ever

Displacement reactions involving metal oxides
The reaction between magnesium and copper(ll) oxide

black and grey mixoure
of copperill) oxide and
magnesivm pawder \

ceramic paper.

o

”m - - - T =0 -

| heat || | l
I

Iy (¥ I "

Figure 83 How magnesium reacts with copperfll) axide

At the end, traces of brown copper are left on the ceramic paper,

magnesium + copper(ll) oxide — magnesium oxide + copper
Mg(s) + CuO(s) -+ MgO(s) + Culs)

This i an example of a displicement reaction. The less reactive metal. copper,
has been pushed out of its compound by the more reactive magnesium. Any metal
higher in the serbes will displace one lower down from a compound.

If you heated copper with magnesium oxide, nothing would happen because
copper is less reactive than magnesium, Copper isa't capable of displacing
magnesium from magnesium oxide,



The reaction between magnesium and zinc oxide

Heating magnesium with zine oxikde produces zine metal. This time, thougl,
becawse the zinge is very hot, it immadiately burns in air to form zine oxide again!

This second reaction hasn't been included in the equations below:

magnesium + zinc oxide — magnesium oxide + zinc
Mg(s) + ZnO(s) — MgO(s) + Zns)

The reaction between carbon and copper(ll) oxide

Carbon s included in the reactivity serles becanse it s important in extracting
several metals (ncluding tron) from their ores. Ores are often metal oxides. IF the
metal s below carbon in the reactivity sertes, then carbon can be a cheap way of
removing oxygen from the oxide 1o leave the metal. Copper isn't. In fact, extracted
like this. This reaction is just a simple lab tHustration that carbon is above copper in

I3}

e Serwes.

A black mixture of carbomn and coppert 1) oxide is heated in a fest tube to avoid the

air getting at the hot copper produced and turning it back to copperi ) oxide, The

carbon diosade that is alse formed escapes from the tube as o s, The mixture
glows red hot because of the heat given out during the reaction, and you are lell

with brown copper in the tube

C(s) + 2CuO(s) — CO [(g) + 2Cu(s)

Oxidation and reduction

Oxidation and reduction - oxygen transfer

® A substance has been oxidised if it gains oxygen, Oxidation 1= gain of oxygen.,
® A substance has been reduced if it boses oxveen. Reduction is loss of oxypen
Figure 8.7 shows magnesium reacting with coppert1l) oxide.

zain of oxypen = OXIDATION

magnesium + copperill) oxide e magnesium oode + copper

l ‘g

oss of axygen » REDUCTION

Figure 8.7 Magreswim reacting wilh copper(il) caidke

A redox reaction is one n which both reduction and oxkiation are occurring.
Oxidation and reduction always go hand-in-hand.

substance which reduces something clse, In this case,

® A reducing agent is o
the magnesium is the reducing agent

® An oxidising agent s o substance which oxidises something else, The coppert]l

oxide 15 the oxidising agent in rhis reaction,

Figure 85 Magnesium reacting with 2in¢ oxide

‘igtl'[‘ 8.6 Nulce the brown LUy .‘ e of thy
ongd of the eactian betaven carbon ang « apper(il)

oake




The Reactivity S

Chapter 8

There are some quite tricky idess on ths
page. Take it very slowdy, and make sure you
understand each paint before you go on o
the next ane. Il you get to the battam of the
pege and have understood what you kave
read (even il you don't necessanly remembet
itall], feed pleased with yourself

How do you know whether a substance
CONTRINS ¥00S 0r NOT? As a rough guide

for GCSE purposes ondy, f it s a metal

{or ammonuen) compavnd, or an acd in
solution. 1twill be 1omc - athenasse Its not
IFyou aren't sure about writng symbols for
lons. read pages 33-24 in Chapeer 5.

These equators are called half equations
or electron half equations They show ust
part of a reaction from the pomt of view of
one of the substances present

You now have two definitons of axdation
{and its reverse, reduction) Which are you
supposed to use? Use whichever is simpler
in the case you are asked about! Both
definibons are tue Don't wany o much
about this at the moment. With a bit of
expetence, you will find it s obvious which
You need 10 use In vanous cises

Oxidation and reduction - electron transfer

We are going to look very closely at what happens in the reaction between
magnesium and coppen{ )} oxide in terms of the various particles involved. Here is
the equation again:

Mgs) + CuO(s) — MgO(s) « Cu(s)

The magnesium and the copper are metals, and are made of metal atoms, but the
coppert1l} oxide and the magnesium oxide are both ionic compounds.

The copperill) oxide contains Cu®* and (7 ions, and the magnesium oxide contains
Mgt and (¥ ions. Writing those into the equation (not forgetting the state
symbols | gives:

Mg(s) + Cu'(s) + O (s) — Mg"(s) + 0 {s) + Cufs)

Look very carefully it this equation 1o see what is being changed. Notice thar
sometbing odd is going on - the oxide jor (07 i completely unaffected by the
reaction. It ends up withe a different partner, but is totally unchanged itsell. A ion
like this is described as a spectator jon.

You don't write the spectator lons into the equation because they aren’t changed in
the reaction. The eguation showing just those things being changed looks like this:

Mg(s) + Cu™*(s) — Mg™(s) + Culs)

Make sure you can see how this equation comes from the previous one. This is
known as an fonic equation, and shows the reaction in a quite dificrent light, It
shows that the reaction has nothing to do with the oxygen.

Whant is actually appening is that magnesivm atones are turning into magnesivm
fons. The magnesium atoms lose electrons te form magnesivm ions,

Me(s) — Mg?(s) + 2e
Thase electrons have been gained by the copper(ll) ions 1o muke the afoms present
in metallic copper.

Cu'(s) » 2e" — Cufs)

Remember that we are talking about the reaction between coppert L) oxide and
magnesium, YWe've already described this as a redox reaction. but the equations no
longer have any oxygen in them! We now need o wider definition of oxidation and
reduction,

Oxidation Is Loss of electrons; Reduction Is Gain of electrons
OILRIG

In this cases

Mg(s) = Mg*(s) + 2&° Mg is oxidised.
Cu’'(s) » 2 — Cufs) Cu™ is reduced.



Displacement reactions involving solutions of salts

Salts are compounds like coppertII) sulfate. silver nitrate or sodium chloride. You
will find a definition of what a salt is on page 71. This section explores some
reactions between metals and solutions of salts in water.

The reaction between zinc and copper(ll) sulfate solution
The copper is displaced by the more reactive zine, The blue colour of the coppert(Il)
sulfate solution lades as colourless zine sulfate solution is formed.

Zn{s) + CuSO (aq) — ZnSO {aq) + Culs)

The zane and the copper are metals consisting simply of atoms, but the copper(II)
sulfate and the zine sulfate are metal compounds and so are ionic.

1f you rewrite the eguation showing the ions, vou will find that the sulfate ons are
Spectitor ions.

Zn{s) + Cu*(aq) + SO, (aq) — Zn""(aq) + 5O,"{aq) + Cufs)
Removing the spectator ions (hecause they aren’t changed during the reaction)
leaves vou with:

Zn{s) + Cu**(aq) — Zn*"(aq) + Cu(s)

This is another redox reaction,
lass of electrom = OXIDATION

Zln(s) + U () e— ZY"MQ] + Culs)

gain of electronz = REDUCTION
Figure 8.9 Zinc reacting with copperfl} sw'fate solution

The reaction between copper and silver nitrate solution

Stlver is below copper in the reactivity series. so a coll of copper wire In silver
nitrate solution will produce metallic silver. Figure .10 shows the silver being
produced as a mixture of grey “fur’ and delicate crystals.

Notice the sofution becoming blue as coppertll} nitrate is produced.
Cu(s) + 2AgNO (aq) — Cu{NO,) (aq) + 2Ag(s)

This time the nitrate jons are spectator lons, and the inal version of the lonke
equation looks like this:

Cu(s) + 2Ag'(aq) — Cu'(aq) + 2Ag(s)
This is yet another redox reaction.
loss of electrans = OXIDATION

c.!f_s) * 2AgH(ag) e— c!'-cw " 2Agis)

gain of electrons » REDUCTION

Flgure 8.11 Capper eacting with uhwr misare sxtaban

Figure 88 Zinc gisplaces copper fram copperfil)
sulfate solution

Iz wouldn't matter whach coppes{il) sakt
you ssarted with, a5 long a5 It wes soluble
inwater Coppes{ll) chlande or copperll)
nitrase woukd eact in exactly the same way
with zinc, because the chlande lons or the
nitrase iors would once again be spectatar
1ons, tking no part in the reaction,

Figure 810 Ouplacing siber fram sifver nérate
solution

Chapter 8: The Reactviry Senes
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Figure 8.12 Calowm reacting with cold water

Reactions of metals with water
A general summary
Metals above hydrogen in the resctivity series

Metals above hydrogen In the reactivity serdes react with water (or steam) to
produce hydrogen.

If the metal reacts with cold water, the metal hydroxide and hydrogen are lormed.
metal + cold water — metal hydroxide + hydrogen

If the metal reacts with stearn, the metal exide and hydrogen are lormed.

metal + steam — metal oxide + hydrogen
As vou go down the reactivity series, the reactions become less and less vigorous,
Metals below hydrogen in the reactivity series
Metals below hydrogen in the reactivity series (such as copper) don't react with
water or steam. That is why copper can be used for both hot and cold water pipes.
Potassium, sodium or lithium and cold water

These reactions are described in detail on pages 102-104. They are very vigorous
reavtions, but become less violent in the order potassium — sodium — lithium. The
equations all look like this:

2X(s) + 2H,0(1) — 2XOH(aq) + H_{aq)
Replace X by K. Na or L, depending on which you wani.

Calcium and cold water

Calcium reacts gently with codd water. The grey granules sink, but are carried back
to the surface again as bubbles of hydrogen are formed around them. The mixture
becomes warm as heat is produced.

Calcium hydroxide is formed. This isn't very soluble in water. Some of it dissolves to
give i colourless solution, but most of it is keft as a white, insoluble solid,

Cals) + 2H,0(1) —» Ca{OH) faq and s) + H (aq)

Magnesium and cold water

There is almost no reaction. Il the magnesium is very clean, a few bubbles of
hydrogen form on it. but the reaction soon stops again. This is because the
magnesium becomes coated with insoluble magnesium hydroxide, which prevents
water coming into contact with the magnesium.



Magnesium and steam
Magnesium ribbon can be heated in steam using simple apparatus (Figure 8.13),

5

G E—
mineral waal B, ;“4. ,'m"{ln", .
soaked in water Wy VUWI l\\ R}
magneshum
ribbon

heat
Flgure 8,13 Magnesium reacting with steam

The mineral wool isn't heated directly. Enough heat spreads back along the test
tube to turn the water 10 steam.

The magnesium burns with a bright white lleme in the steam, producing hydrogen,

which can be ignited at the end of the delivery tube. White magnesium oxide is
formed.

Mg(s) + H,O(g)— MgO(s) + H (g)
Zinc or iron and steam
mineral wool powdered meesl
saaked in waner. o mecal granules
S tydeagen
collects

A 1e

\X;'/ '-j—:dd warer
Figure B.14 Zinc or iron reacting with steam
With both zine and iron, the hydrogen comes off slowly enough to be collected.
Neither metal burns.

Care has to be taken during this experiment to avoid ‘suck-back’, Il vou stop
heating while the delivery tube is still under the surface of the water, water is
sucked back into the hot tube, which vsually results in it cracking.

With zinc
Zine oxide is formed - this is yellow when it is hot. but white on cooling.

Zn(s) + H,0(g) — ZnO(s) + H,(g)
With iron
The iron becomes slightly darker grey. A complicated oxide is formed, called trifron
tetroxide, Fe, 0

3Fe(s) + 4H,0(g) - Fe, 0 (s) + 4H,(g)

IRemember that metals below hydrogen i the reactivity series. such as copper,
don't react with water or steam, )

In fact, you also get a lot of black product n
the tube This is where the magnesium has
reacted with the glass. Ignore this for exam

purposes.

You might wonder why there is no
description far alurmnium and steam. s
reactivity is supposed to be betwesn that

ol magnesium and that of snc. However,
alumirsum has anly a very slow reaction with
steam because it is covered ina very thin,
but very strong, layer ol aluminiem oxide.

1% ordy resdly shows its true reactivity if that
layer can be penetiated in some way: Water
or stednn daet do that very well. We wall talk
about this agam when we look at reactions
between metak and acids

Notce that in these equatons, water now
has a stae symbol (g) because we are mlking
about it as steam.

2EMNes
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Chapter 8

The general trends on this page apply to
simple acids such as dilute sulfunc acid or
dlute lpdrochlonc ackd. Netnic acld behaves
completely differently wath most metals, as
does concentrated sulfunc acid These are
prablems beyand GCSE

Figure 8.35 fron reactng wiith diute hydrochion:
arkd

There are two ranges of ion salts containing
either Fe'* or Fe™ ions. These reactions
produce woryll] sals containing Fe sons

Reactions of metals with dilute acids
A general summary

The pattern is the same as for the reaction between the metals and water, but in
each case the reaction is much more vigorous,

Metals above hydrogen in the reactivity series

Metals abowe hydrogen react with acids to form a salt imagnesivm sulfate or zine
chloride, for example) and hydrogen. The higher the metal in the series, the more
violent the reaction

Metal « dilute sulfuric acid — metal sulfate + hydrogen
Metal « dilute hydrochloric acid — metal chloride + hydrogen

Metals below hydrogen in the reactivity series

These don't react with simple dilute acids such as sulfurke or bydrochlorie ackl.

Potassium, sodium, lithium and calcium with dilute acids

These are too reactive to add safely 1o acids. Calcium can be used If the ackd &s very
dilute.

Metals from magnesium to iron in the reactivity series

Magmesium reacts vigorously with cold dilute acids, and the mixture gets very hot.
A colourless solution of magnesium sulliate or chloride is formed. You will find
these reactions explored in detail in Chapter 9 {page 72). With dilute sulfurke acid:

Mg(s) + H_ SO (aq) — MgSO (aq) + H (g)

Aluminium is slow to start reacting, but alier warming it reacts very vigorously.
There is a very thin. but very strong, laver of aluminium oxide on the surface of
the aluminium. which stops the acid from getting to it. On heating. the acid
removes this layer, and the aluminium can show its troe reactivity. With dilute
hvdrochloric acid:

2Al(s) + 6HCHaq) — 2AICI (aq) + 3H (g)

Zinc and irom react slowly in the cold. but more rapidly on heating. The vigour of
the reactions is less than that of aluminium. The zine forms zine sulfate or zine
chloride and hydrogen. The iron forms ironi 1) sulfate or iron(11) chlonde and
hydrogen. For example:

Zn(s) + H 5O, (aq) — ZnSO,(aq) * H,(g)

Fe{s) + 2HCl(aq) — FeCl (aq) + H (g)

Metals below hydrogen in the reactivity series

Metals such as copper. stlver and gold don't react with these dilute acids.



Finding the approximate position of a metal in the
reactivity series using water and dilute acids

Add a very small picce of metal to some cold water. If there is any rapid reaction,
then the metal must be above mognesium in the reactivity serics,

IT there isn't any reaction, add a small amount of metal 10 some dilute hydrochloric

acid {or dilute sulfuric acikd). 1T there isn't amy reaction in the cold, warm it
carefully.

If there is still no reaction. the metal is probably bedow ladrogen in the reactivity
series. If there is a reaction, then it s somewhere between magnesium and
hydrogen.

Making predictions using the reactivity series

You can make predictions about the reactions of unfamiliar metals if vou know
their position in the reactivity series.

A problem involving manganese
Suppose you have a question as follows,

Manganese (Mn) lies between aluminium and zinc in the reactivity series,
and forms a 2« ion. Solutions of manganese(ll) salts are very pale pink
(almost colouriess).

a) Use the reactivity series to predict whether manganese will react with
copper{ll) sulfate solution. If it will react, describe what you would see,
name the products and write an equation for the reaction.

b) Explain why you would expect manganese to react with steam. Name
the products of the reaction and write the equation.

a) The reaction between mangancese and copper(11) sulfate solution

Manganese is above copper in the reactiviry series and o will displace it from the
coppertIl sulfme.

A brown deposit of copper will be formed. The colour of the solution will fade from
blue and leave a very pale pink (virtually colourless) solution of manganese(11)
sulfate.

Mn(s) « CuSO {aq) — MnSO (aq) + Cufs)
b) The reaction between manganese and steam

Mangianese is above hydrogen in the reactivity series and so reacts with steam to
give hvdrogen and the metal oxide - in this case, manganess L oxide,

You coukldn't predict the colour of the manganesel 1D oxide, and the question
doesn’t ask you 10 do this,

Mn(s) + H,0(g) — Mno(s) + H,(g)

It would be impossible to place a mesal
exactly in the reactivity seties using this
sequence. How vigotously & metal reacts
with a dilute acid depends on its position in
the senes, but also depends on its suface
area. and whether the suiface is free from
dirtoran oxide coating

You need to know the charge on the ion so
that you can work aut the formulee of the
manganese compounds. I you aren't sure
about working out the formuls of an sonic
compaund, look again at Chapter 5

Flgure 816 Whem 1 manganvse in the reactiwy
sevies?

Chapter 8: The Reactviry Senes
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End of Chapter Checklist
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You should now be able to:

know that the reactivity series lists elements (mainly metals) in order of decreasing reactivity, and
know the positions of the elements in the list at the beginning of this chapter

understand the term ‘displacement reaction’

describe some simple reactions involving metals with metal oxides, salt solutions, water/steam

and dilute acids

understand the terms oxidation, reduction and redox in terms of both oxygen transfer and

electron transfer

understand how to work out simple ionic equations, omitting spectator ions
make simple predictions about the reactions of a metal from its position in the reactivity series.

Questions

1 a) Listthe following metals in arder of decreasng reactivity:

aluminium, copper, iran, sodium.

b) Some magnesium powder was mixed with some

c)

copper{ll) oxide and heated strongly. There was a vigorous

reaction, producing a lot of sparks and a bright flash of
light.

(i) Name the products of the reaction,

(i) Write a balanced symbal equation for the reaction.
(iii) Which substance in the reaction has been reduced?
(iv) Which substance is the oxidising agent?

If a mixture of 2inc powder and cobalt{ll} oxide is heated,
the following reaction accurs:

Znis) + ColNs) —» Zn0O(s) + Cols)

(i) Which metal Is higher In the reactinty series?

(i) The zinc can be described as a reducing agent. Using
this example, explain what is meant by the term
‘reducing agent”.

(iil) Which substance in this reaction has been oxidised?

Aluminium, chromium and manganese are all moderately
reactive metaks. (Care! We are talking about manganese,
not magnesium.} Use the following information to
arrange them in the correct reactivity series order, starting
with the most reactive one.

® Chromium is manufactured by heating chromium(Ii1)
owde with aluminium.

o If manganese is heated with aluminium oxide there is
no reaction.

* |f manganese is heated with chromium(|lil} oxide,
chromium is produced.

2 Study the following equations amd, in each case, decide

whether the substance in bold type has been oxidised or
reduced, Explain your choice in terms of either oxygen
transler ar electron transler as appropriate,

a) Zn(s) + Cudxs) — ZnO(s) + Culs)
b) Fe,0,(s) + 3C(s) — 2Fefs) + 2CO(g)
c) Mg(s) + Zn"{s) —» Mg (s) + Zn(s)
d) Infs) + Cu*(aq) — Zn{aq) + Culs)

3 The equation for the reaction when solid magnesium and

solid lead(l1) oxide are heated together is:
Mglsh+ PLO(s) — MgQO(s) + Phls)

a) What does this tell you about the pasition of lead in the
reactivity senes? Explain your answer.

b) Rewrite the exquation as an ionic equation,

Some iran filings were shaken with some copper(il) sulfate
solution, The lonic equation for the reaction &

Fe(s) + Cu™{aq) — Fe"{aq) + Culs)

a) Write down any one change that you would abserve
during this reaction

b} Which substance has been oxddised in this reaction?
¢} Wnite down the full {not ionic) equation for this reaction.



5 Some experiments were carned out to place the metals

copper. nickel and sitver in reactivity series order.

Experiment 1: a piece of copper was placed in some green
nickel(11) sulfate solution, There was no change to either the
copper ar the solution,

Experiment 2: a coll of copper wire was suspended in same
silver nitrate solution. A furry grey growth appeared on the
copper wire, aut of which grew spiky atvery crystals. The
solution gradually turned from colourless ta blue.

a) Use this information to place copper, nickel and silver in
reactivity senes order, starting with the most reactive one.

b) Inanother experiment, a piece of nickel was placed in
some copper(ll) sulfate solution,

(i) Wnite down any one change that you would observe
during this reaction

(i) Write the full balanced equation for this reaction.
(Assume that nickel{ll) sulfate solution is formed )

(Hi)Write the ionic equation for this reaction, and use it ta
explain which substance has been oxidised during
the reactian,

a) Look carefully at the following equations and then decide
what you can say about the position of the metal X in the
reactivity senies. Explain your reasoning.

X{s) + ZHCl{ac) —» XCl faq) + H {g)
X(s) + CuSO fag) — XSO fag) + Culs)
X{s) » 250 {aq): no reaction

b) Decide wheather X waill react with the following substances.
1T will react, write down the names of the products.

(i) silver nitrate solution, (i} zinc axide, (iii) cold water,
(iv) copper{ll) chlande solution, {v) dilute sulfunc acid.

7 Ifyou add some powdered aluminium to a small amount of

cold dilute hydrochloric acid in a boiling tube, very little
happens. If you warm this gently, it starts to fizz very rapidly.

a) Name the gas given off to produce the fizzing,

b} 1f you used an excess of hydrochloric acid, you would end
up with a colouriess solution. Name the solution.

¢} Write the full balanced equation for the reaction.

d) Explain why the aluminium hardly reacts at all with the
dilute acid in the cald, but reacts vigorowsly after even
gentle heating

Given some small bits of the metal titanium, and any simple
apparatus that you might need, describe how you would find
out the appraximate position of titanium in the reactivity
series wsing only water and dilute hydrochlone acid You need
only find cut that the reactivity is ‘similar to iron’ or similar to
magnesium' or whatever. Your experiments should be done in
an order that guarantees maximum safety. For example, if its
reactivity tumed out to be similar to potassium, dropping it
into dilute hydrochioric acid wouldn't be a good idea!

CUVITY ST
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cids

Chapter 9: A

Section B: Some Essential Backgrou nd -' 2

This chapter explores what acids are,
and some simple patterns in their
chemistry in the lab.

Figure 5.4 Using universal indicator solution to
mvasire the pH of varaus walution:

_

Chapter 9: Acids

Figure 9.1 Acids range fram the extremaly Figure 9.2 . [0 a ratural part of our deet -
dong=rous, needing prolective clothing [o claan up  aranNges contam ane acid
spills

pH and indicators
The pH scale

The pH scale ranges from about 0 1o about 14, and tells you how acidic or how
alkaline a solution is,

012 34567 321011121314
. Increasingly acidic Increasingly alkaline
neutral

Figure 5.3 The pH stale

Measuring pH
Using universal ndicator

This is made from a mixture of dyes, which change colour in a gradual way over a
range of pH. It can be used as a solution or as a paper. The commonest form is
known as wide niyge universal indicator. It changes through a variety of colours
from pH 1 right up to pH 14. but isn't very accurate,

The colour of the paper or solution is always checked against a chart to find the
correct pH.

Using a pH meter

You can measure pH much more accurately using a pH meter. Edfore you can use a
pH meter. you have 1o adjust it to make sure it is reading accurately: To de this, you
put it into a solution with a known pH. and adjust the reading so that it gives
exactly that value,



Simple indicators

Any substance that has more than one colour form depending on the pH can be
used as an indicator. One of the commonest ones is litmus.

Figure 9.5 The colowrs of itmus under different canditians
Litmus is red In ackdic solutions and blue in alkaline ones, The neutral purple
colour s an equal mixiure of the red and Blue forms,

Two other indicators you will come across are methyl orange and
phenolphthalein. Methyl orange is yellow in alkaline solutions and red in avidic
ones. Phenolphithakein is bright pink in alkaline solutions, and colourdess in acidic
solutions,

Reacting acids with metals

Simple dilute acids react with metals depending on their pasitions in the reactivity
series.

@ Metals below hydrogen in the serfes don’t react with dilute aclds.
@ Metals above hydrogen in the series react to produce hydrogien gas,

® The higher the metal is in the reactivity series, the more vigorous the resction.
You would never mix metals such as sodivm or potassium with acids because
their reactions are 100 violent.

A summary equation for metals above hydrogen in the reactivity
series
metal + acid — salt + hydrogen

Salts

All simple acids contain hydrogen. When that hydrogen is replaced by a metal, the
compound formed is called a salt. Magnesium sulfate is a salt, and so iszine
chloride, and so is potassium mitrate,

Sulfuric acid can be thought of as the parent acid of all the sulfares,

sulfuric acid { sulfates
hydrochloric acikd chlorides
nitric acid nitrates

Table 9.1; Ackks ang skt

It doesn't matter il the replacement can't be done directly: For example, you can't
miake copper( ) sulfate from copper and dilute sulfuric acid, because they don't
react. There are, however, other ways of making it from sulfuric acid, Coppert L)
sulfate is still a saly,

Litmws has & big advantage because it
changes colowr around pH 7 That means
that you can look at a piece of litmus paper
and sy with came confidence whether a
substance is acidic, neutral o alkahne:
Methyl orange and phenolphthalein
change colowr at & differens pH Methyd
armnge changes colour sround pH 4, and
phenalphzhalein araund pH % This doesi't
matter a5 kong as you are testing strongly
anid or alkaline substances, but neither wll
ik out 3 true neutml’. This isn't 3 problem
you need to wany about at this loved

Of the common acids In the lab, et acid
has musch more complex reactions with
mestale You won't be asked about thes at
GCSE

Commaon salt is sodium chlcode. This is
produced if the hydrogen in hydiochlonc
acid 5 replaced by sadium

1ols
wo i\l

LA i
A
.
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Reactions involving magnesium and acids
With dilute sulfuric acid

There is rapid lizsing and a colourless gas is evolved, which pops with a lighted
splint {the test for hydrogen), The reaction mixture gets very warm as heat is
produced. The magnesivm gradually disappears to beave a colourkess solution of
magnesium sulfate

Mgs) + H,50 (aq) — MgSO, aq) + H (g)

This is o displacement reaction. The more reactive magnesivm has displaced the
less reactive hydrogen,

With diluie hydrochlorie ackd

The reaction looks exactly the same. The only difference is that this time a solution
of magnesium chloride is formed.

Mg(s) + 2HCl(aq) — MgCl,(aq) + H (g)

Why are the reactions so simikar?

Avids in solutlon are fonic. Dilute sulfuric acid contains kydrogen fons and sulfate

o
g tons. Dilute hypdrovklorie ackd contains bydrogen lons and chloride fons.
g You can rewrite the equations as tonic equations. In the case of sulfuric acid:
Flgure 5,6 Magnasium reacting with dilute suifunc 5 ;
g s Mgls) + 2H:(aq) + 5O, {aq) — Mg*(aa) * SO,"(aq) + H,(g)
= You need to have read about lonic equations You can see that the sullate ion hasn't been changed by the reaction. It is a
v In Chapter & [pages 62-63) to understand spectator ion, and so we bkeave it out of the ionic equation:
this section

T Ma(s) + ZH'(QQ) = Mg"(aq) + H,(g)

Repeating this with hydrochloric acid. you tind that the chloride ions are also
spectator ions.

Mg(s) + 2H'(aq) + 2C1'(aq) — Mg*(aq) + 2Cl'(aq) + H (g)
Leaving the spectator ions out produces the ionic equation:
Mg(s) + 2H'(aq) — Mg*(aq) + H (g)

The reactions look the saume because they are the same. Al acids in solution
contain hvdrogen jons, That means that magnesiom will react with any simple
dilute acid in the same way,

Reactions involving zinc and acids

Again, the resctions between zine and the two acids look exactly the same, The
reactions are slower because gine is lower down the reactivity serics than
margnesivm., The reaction can be speeded up if it is heated or if the gine is impure.
A littde coppert 1) sulfate solution i often added to these reactions 1o make the zin
impure.




The full equations are:

Zn(s) + H,50 faq) — ZnSO (aq) + H,(g)
Zn(s) + 2HCHag) - ZnCl (aq) + H,(g)

The ionic equations are both the same:

Znfs) + 2H"(aq) — Zn""(aq) + H (g)

Mak'"g hYd"Oge" in the lab Important! Don't be tempted 10 describe

coppet {11) sulfate solution as & catalyst in
this reaction Catabgste aren't used up in a
reaction, but the copper(ll) sulfate &, It rescts

Hydrogen is usually made from zine and dilute sulfuric acid. with a very small
amount of copperill) sulfate solution added to speed the reaction up,

thiste furnel ——— ) with & small amount of the zinc to produce
I' 1 copper ILis the copper produced which
2 sevves as the catatyst
side-arm ballng tube =1 || | . :;ﬁgm y
dilute sulturic acd [t
2ine Pl =N ——water

Figure 5.7 Apparates for making hydrogen in the lab

Testing the hvdrogen

Hydrogen reacts with oxygen in the presence of a tlame or a spark to give water, A
lighted splint placed af the mouth of a test tube of hydrogen will give a squeaky

pop as the vdrogen reacts with oxygen in the air

Chapter 9: Acids

Figure 5.8 Berause hydragen is so hght, & was
2H +0 — 2H Of1 wied in awrsfvps - in 1927 the Hindenburg caught
,(8) ,(8) ,0( ) fre and 36 people were knfed, most of them by
Jumnping froa the alrship

Reacting acids with metal oxides

The metal magnestum reacts with dilute sulfuric acid: the metal copper doesn’'t.
However, both magnesium oxide and coppent[1} oxide react similarly with acids.

Reacting dilute sulfuric acid with copper{ll) oxide

The black powder reacts with hot dilute sulfurc acid to produce a blue solution of
copper(1L sulfate.

CuOf(s) + H S0 (aq) — CuSO (aq) + H,O(I)

All the metal oxide and ackd combinations that you will meet at GCSE behave in
exactly the same way as the reaction between copper| ) oxide and dilute sulfuric
acid - producing a salt and water. Most need to be heated to get the reaction
started.

A summary equation for acids and metal oxides

Figure 9.9 Coppe(Ii) axde reacting with hal dute
sulfuric ackd

metal oxide + acid — salt = water




Remember that for GCSE purposes, ackds
In solution and metal (and ammonium}
compounds are iomc

The buses you will meet ot GCSE include
metal oxides (because they contaln

TS oide lors), metal bpdrovides (containeng
<L Inpdioide iors), metal carbonates

- {containing cartbonate sons) and ammania.
4 All of these have the ability 1o cormbine with
a Iypdiogen ons.

] TGy ™

=

V)

Figure 5,30 Sodiurm chloride s comman sall. You
don't narmally make it - it accurs naturally

The ionic equation for an acid/metal oxide reaction

In the reaction between copper(Il) oxikie and dilute sulfuric acid, cverything in the
equation is ionic apart from the water.

Cu™(s) + O7(s) + 2H"(aq) + SO, {aq) — Cu™(aq) + SO, *(aq) + H,O(I)

Look carcfully to find the spectator ions. The sulfate ton isn't changed at all, and
the Cu* jon has changed only to the extent that it started as solid and ends up in
solution. In this particular reaction, we count that as unchanged. Leaving the
spectator lons out gives:

0%(s) + 2H-(aq) — H,0()

This would be equally true of any simple metal oxide reacting with any acid. Oxide
ions combine with lydrogen ions to make water. This is a good example of a
neuiralisation reaction. The presence of the hydrogen ions is what makes the
sulfuric acid acdic. If something combines with these and removes them from
solution. then obviously the acid has been neutralised.

Bases

Buses are detined as substances that combine with hydrogen ions. In the ionic
equation above, an oxide jof is acting as a base because it combines with hydrogen
ions to make water,

The simple metal oxides you will meet at GCSE are describad as basic oxides.

Reacting acids with metal hydroxides

All metal bydroxides react with ackds, but the ones most commonly used in the lab
are the soluble hydroxides — usually sodium, potassium or calcium hydroxide
solutions.

A summary equation for acids and metal hydroxides
metal hydroxide + acid — salt + water

Reacting dilute hydrochloric acid with sodium hydroxide solution

Mixing sodivm hydroxide solution and dilute hydrochloric acid prodoces o
colouress solution — not much seems 1o have happened, But il vou repear the
reswtion with a thermometer in the tube, the femperature rises soveral degrees,
showing that there has been a chemical clurge. Sodium chloride solution has been
formed,

NaOH(aq) + HCaq) — NaCl{aq) + H,O(l)

The ionk equation for this shows that the underlying reaction is between hydroxide
tons ard hydrogen tons in solution 1o produce water.

OH-(aq) + H(aq) - H,0(1)



This is amother good example of o neviralisation resction. The hydroxide ion is a

base because it combines with hydrogen ions. Sodinm hydrovide is a soluble base. _
- burette containing

Solutions of soluble bases are alkaline, having a pH greater than 7. This is because diute ydrochloric
they contain hydroxide ions. There are soluble bases apart from hydroxides — such e
as ammonia and a few soluble oxides and carbonates. These are also alkaline, and
they also contain hydroxide lons because of reactions with the water.

Following the course of a neutralisation reaction

) conical fask
If evervthing involved in a neatralisation reaction is a colourless solution. how can cantaining

you fell when exactly enough ackd has been added to an alkali to produce a neutral ;o8 sadum kydroxide
solution? ‘ salugion + methy!
: , arange indicaror

Using an indicator Figure 911 Reucting dilute hydrochloric ackd with
y sadivm Mydroade walution

Some indicators will change colour when you huwe added evers one drop too much A
acid. You normally avoid Himus because iis colour change isn't very sharp or

distinct. A common alternative s methyl orange.

Methyl orange is yellow in alkaline solutions and red in avids. You run acid in from If you are really wide awake, you might
the burette. swirling the flask all the time. The alkali is neutralised when the remember that methyl arange changes
solution shows the Birst trace of orange. If it turns red. you have added too much colour around pH 4 - not the neutral point

; . . \ ; X . That means that when is shows the first trace L

u.dd. You will tind more .:bnul \fl.rr_ving out this experiment. callad o titration, in of orsines Vo b ot e kel ’g

Chapter 10 (pages 84-85} and Chapter 26 (page 211). point very slightly. In fact, it turns aut to be <
bry na more than about 3 diop, or even less

Reacting acids with carbonates

Carbonates react with cold dilute acids 1o produce carbon dioxide gas.

Chapter 9

A summary equation for acids and carbonates
carbonate « acid — salt + carbon dioxide + water

The reaction between copper(ll) carbonate and dilute acids

The green copper(Il) carbonate reacts with the common dilute ackds to give a blue
or blue-green solution of copper(Il) sullate, copper(1l) nitrate or copperi i) chloride.
Carbon dioxide gas is given off, You can recognise this because it turns lime water
milky

The three lull equations look different:

CuCO,(s) » H,50 {aq) — CuSO (aq) + CO,(g) + H,O()

Figure 912 The mactian petwean coppar(ii)
CuCO,(s) + 2ZHNO (aq) — Cu(NO,),(aq) + CO(g) + H,O(l) carbonate and diate slfinc acg.

CuCO,{s) + 2HCI(aq) — CuCl (ag) + CO(g) + H,0(1)

But the jonic equation shows that exactly the same resction happens each time, reacting with a catbonate salution In that

case, ieplace (<) by (ag).
CO,*(s) + ZH"(ag) — CO,(g) » H,O(l) omanmey

Bevause carbonate ions are combining with hydrogen ions, carbonate ions are
hases.

Occanorally, you might come across an acid |




Theories of acids and bases

The Arrhenius theory

As a part of his work on the theory of lons, the Swedish chemist Arrhenlus
suggested In 1887 that aclds produced hydrogen tons when they were dissolved in
water. That ks much the line that we have taken so far in this chapter.

He also thought that bases were solutions containing hydroxide ions. We have
taken a wider view than this, detining a base as something that combines with
bvdrogen ions. That includes hydroxide ions, but there are other things as well

The problem with the Arrhenius theory is that it is sery restricted. A simple
example of this involves hydrochloric acid and aconmonia, NH, . Ammonia gas is
very soluble In warer, and gives an alkaline solution with a pi of about 11
Hydrochlorke acld 18 a solution of the gas hydrogen chloride in water,

Concentrated hydrochloric acid gives off hydrogen chlonide gas, and concentrated
ammonia solution releases ammonia gas. If these gases are allowed to mix, solid
white ammonium chloride is produced

NH (g) + HCl(g) — NH,CI(s)

Flgure 913 Ammonva and hydrogun chiorkde gases aacting 1o give @ whige smoke af ammamum
chlaride

You would get exactly the same product if yvou neutralised dilute bydrochloric acid
with ammeonia solution, This time, the ammonium chloride would be in solution,

Despite the similarity. the Arrhenius theory wouldn't accept the reactlon between
the gases as being ackd-base, because it doesn’t involve hadrogen tons and
hvdroxide ions in solution in water. There are other similar examples. A resolution
of the problem had to wait until 19273,



The Bronsted-Lowry theory
Bronsted was a Danish chemist: Lowry an English one. They defined acids and

bases as follows.

® Anacid is a proton (hydrogen ion) donor, A hydrogen ioh & just a proton - the
hydrogen nucleus minus its dection.

® A base s a proton (hydrogen lon) aceeptor. S

In this theory. when hydrogen chiloride dissolves in water 1o give hydrochloric acid,
a proton (a hydrogen ion is transferred from the HCL o the water

Only the outer electrons are shown in these
diagiams to avoid confusion

Notice the new bond formed between the
hydrogen and the water molecule. Both
electrons in the band come from the cxygen.
This is descnbed as o co-ordinate covalent
bond o1 o dative covalent bond. Once the
bond hes been made. there ik abzoluely no

Figure 9.74 Hydrogen chioride dissolves in water to give hydrochlonke aedd difference beeween this bond and the other
|
The hydrogen nuclens breaks away from the chlorine kaving its electron behind, m’x ﬁ?ﬂﬁm:s vaten i
In symbols: QoS 2 P
H_O(l) + HCI(g) — H,O'(aq) + CH{aq)

The H 0%(ag) lon is callad a hydroxonfum fon. This is the jon that we normally
write simply as H*(aq). You can think of it as a hydrogen ion riding on a water
molecule,

In this example. according to the Bronsted-Lowry theory. the HCLis an acid
because it is giving o proton (a kydrogen ion) to the water, The water is acting as a
base because it is accepting the proton,

In a similar way. hydrogen chloride gas reacts with ammonia gas 1o produce
ammonium chioride.

Flgure 5,35 Hydrogen chionde macts with ammonia to produce ammanium chlands

The wmmonia acts as a base by accepting the proton; the HCTacts as an acid by
domating it. This time wn ammoninm o, NH . is formed, Notice the co-ordinate
bond tha is formed between the nitrogets and the new hwdrogen.

NH (g) + HCg) —+ NH_(s) + CI(s)
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temperature

drop of water ——

hydrogen ————
chiaride gas

F p—

Figure 5.17 Hypdrogen chionde reacrs with water
[0 grve Frydraxorvum rons and chionde ans

Acids in solution

Acids in solution are acidic because of the presence of the hydroxoniom fon. We
would normally write a neutralisation reaction between an acid and a hydroxide,
for example, as:

H(aq) + OH-{aq) — H,0()

What actually happens is that the hydroxoninm ion donates a proton to the
base. OH.

Figure 9.16 The hydroxoneum xon donates a proton (o the base

H,0"(ag) + OH(ag) — 2H,0()
For GCSE purposes, we almost always use the simpliicd version:

H*(aq) + OH{aq) — H,0(l)

Hydrogen chloride and hydrochloric acid
Eoth hydrogen chloride and hydrochloric acid have the formula HCL Hydrogen
chloride s a gas, and hydrochlonie acid is its solution in waier. As we have seen

above, when hydrogen chloride dissolves in water, it reacts to give lydroxonium
ions and chloride ions.

H,0(1) + HCl(g) —+ H,0"(aq) + C1{aq)

1t is casy to show that a reaction is happening by suspending a drop of wateron a
thermometer bulb and lowering this into a gas jar of hydrogen chloride gas. There
is a large increase In temperature. showing that a reaction must have occurred.

1t is the presence of the hydroxonium ions which gives hydrochloric acid its simple
acidic propertics — with litmus, metals and carbonates, for example.

I you dissolve hiydrogen chloride gas in methylbenzene (an organic solvent also

known as toluene), the solution doesn't show hydrochlorie acld's simple achdie
properties — provided there isn't even a trace of water present.

@ It won't turn blue litmus paper red (provided the paper is also perfectly dry).
@ [t won't react with magnesivm ribbon 1o produce bvdrogen.
@ It won't react with marble chips (calctum carbonate) 1o produce carbon dioxide.

1f there is any trace of water present, the hydrogen chloride reacts with it, and its
simple acidic propertics are restored. The HCl reacts to lorm ions again ~ especially
the all-important hydroxonium ion.
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You should now be able to:

understand the pH scale and the use of universal indicator and simple indicators like litmus

know how the reactions of metals with acids are related to the position of the metal in the
reactivity series

describe and write equations (full and ionic) for the reactions between common metals and dilute
sulfuric or hydrochloric acid

understand that simple metal oxides are bases, and know that they react with acids to form a salt
and water

describe and write equations (full and ionic) for the reaction of copper(ll) oxide with dilute
sulfuric acd

know that soluble metal hydroxides are alkaline, that they contain OH' ions in solution, and that
they react with acids to form a salt and water

write equations {full and ionic) for the reactions between common metal hydroxides and acids

~ know that carbonates react with acids to give a salt, carbon dioxide and water, and be able to
describe and write equations (full and ionic) for common examples

understand what is meant by an acid and a base according to the Arrhenius theory and the
Bronsted-Lowry theory

explain why hydrogen chlonde gas dissolved in methylbenzene doesn't show simple acidic
properties, whereas a solution in water does.
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Questions
1 a) Which of the follawing will react with dilute sulfuric acid? (i) What is formed when hydrogen burns? Write the
Copper, coppertil] axide, copper{ll} hydraxide, copper{il} equation far the reaction,
carbanate. (i) Why do you think that, when hydragen burns, the
b) In the case of each of the substances which does react, flame rises quickly?

write the full equation {including state symbals) for the
reaction. All of these substances are insoluble solids.

2 a) Draw a labelled diagram of the apparatus you would use
to collect a few test tubes of hydrogen gas from the

3 Read this description of the chemistry of metal A and some
of its compounds, and then answer the questions.

Metal A has no reaction with dilute hydrechloric acid ar
dilute sulfurie scid. It farms & black axide, B, which reacts

w?;ti&n'im"n;agn;:unné:v:gcdiMG s with hot dilute sulfuric acid to give a blue solution, C, Metal A
o k o % alsa forms a green compound, B, which rescts with dilute
b) Describe haw you would test for the hydrogen, nitric acid to give a colouriess gas, E, and another blue

¢) Namea { Kk et with dilute hvdrochloric adid. solution, F. The colouriess gas, E, turned lime water milky,

d) Name a metal which it would be dangerous to add 1o ) Namih; B E DL B
dilute hydrochloric acid. b) Write the full equations for the reactions between

e} In the Hindenburg sirship disaster (see page 73), most of (i) B and dilute sulfuric scid
the people who died did so because they jumped cut of : ) e
the airship, Thase who didn't jump tended 1o sunave the @) Dand dilute nitric acid.
fire, This is because when the hydrogen caught fire, the

flame rose very quickly instead of engulfing the passenger
section of the airship,




4 a) Nickel, Ni, is a silvery metal just abowe hydrogen in the a) At the beginning of the reaction there were sadium ions,
reactivity series. Nickel(l1) compounds in solution are hydride ions and water molecules present.

reen. Describe what you would see if warmed some . . 4 ’
gmcloel' with dilute sulfuvr‘inc acid in a test :Joge. Indude a () Which of these acts as an acid? Explain your reasoning,

description of how you would test for any gas given off, (il) Which of these acts as a base? Explain your reasoning,
b) Write the lull equation for the resction between nickel b) Name the products of this reaction.

snd diite sulfuric acid. c) Describe what you might expect to see during the course
¢) Nickel(ll) carbanate is a green, insoluble pawder. Describe of the reaction

what you would see if you added a spatula measure of > : :

mickel(ll) carbonate to some dilute hydrochloric acid in & d) Am»ng :hatt you'us' eda reasonta:ble qug‘ngly ?fms?dlum

test tube. Incdlude a description of how you would test for hg‘:rtw.de. :" 'l:e? yau expect the pH of the 0

any gas given off solution ta be?

A . DT . 7 Zinc granukes react slowdy with cold dilute sulfuric acd to give
d) Write (i) a full equation and (i} the ionic equation for the : p
) r!acti(;t! betw::'l nickel(l) c(a r)bon ETIS deg: i hydrogen gas and a colourless solution of zinc sulfate.

hydrochloric acid. Znls) + H SO faq) — ZnSO (aq) + H (g)

5 Which of the fallowing equations represent reactions Small amounts of copper{ll) suifate solution are often added
between aclds and bases? For each of the equations that is an 1o the mixture to increase the rate of the reaction. The
wcid-base resction, state which substiance is the acid and copper(ll) sulfate reacts with some of the zinc to produce
which the base copper. The copper in contact vath the zinc speeds up the
a) MgOfs) + H,SO,{aq) — MESO faq) + H.ON) A

i TN Design an experiment 1o find out whether the rate of the

9 9): 0, 8l + e = €0 # H0) reaction depends an how much copper(ll) sulfate you add.
' c} 2Al(s) + 6HCag) — 2AIC] (aq) + 3H,{g) Remember - if you do an experiment like this, it is important
o d) H,0(1) + HCl{g) — H.O'(ag) + Cl{g) 10 change only one thing at a time. As you want 1o find out
b ; 2 what happens if you change the amount of copper(ll) sulfate,
a ¢} Znls) + Cu™(aq) —» Zn™{aq) + Cufs) it is important that everything else stays the same from one
g ) NH,(g) + HCKg) — NH_ (s} « CI{s) part of the experiment to the next.

b g) MNaOH{aq) + HCl(aq) — NaCl{aq) + H,0(!) Your account should include a diagram of the apparatus you

6 Sodium hydride, NaH, is a white ionic solid in which the are gqing to use, and an outﬁng of how you will do the
hydrogen exists as an H-jon, The electronic structures of the expenglel:t ful;;;:;lucal deta:kles R emx‘)icted '0:9 !
R A describe this in il could take you several hours of work!

- You may find it useful 1o look back at Chapter 6 on rates of

O+
; , ® rewsction for idews.

Sodium hydride reacts violently with water. The hydride ion
reacts with the water like this:




e Essential Background Chemistry

Chapter 10: Making Salts

Soluble and insoluble salts This chapter looks at some of the
The importance of knowing whether a salt is soluble or insoluble in m: :;;‘;’::::: :;z':i:::w
water: that a sait is what is formed when the
You will remember that acids react with carbonates te give a salt. carbon dioxide hydregen in an acid is replaced by
ard water. In the case of calcium carbonate [for example. marble chips| reacting a metal. For example, sulfates come
with dilute Indrochloric ackd, calcium chloride solution is produced. from sulfuric acid, chiorides from

hydrochloric acid, and nitrates from

CaCo,(s) + 2HCl(aq) — CaCl,(aq) + CO (g) + H,O)) nitric acid.

If you try the reaction between cakium carbonate and dilute sulfuric acid. nothing
much seems to happen if you use large marble chips. You will get a few bubbles
when you lirst add the acid, but the reaction soon stops.

Chapter 10: Making Salts

Figure 10.1 Caloium carbanate macting with diute hydrachlonc acd Flgure 10,2 Calckum carbonate not macting with difite adfime aod

The problem is that the calcium sulfate produced In the reaction ks almost insoluble  You may have noticed that the botde in
in water. As soon as the reaction starts, a layer of calcium sulfate Is formed around e nght-hand photograph is lRbefled as

the calcdum carbonate, stopping any further reaction. SRt ek cacherthak Eplusic ackt- You
must expect to come across bath versions

s ® ‘o o '° of this name. Sudphunc’ is the tadmonal
2 LI LI

layur of insoluble—s! o‘ English spelling
cakcium awdphate ° —_—
° 9 Oﬂvﬂ‘ o °

aod particles —°2 calcium °°

can't gec at ° carbonate = Hows quickly the reaction stops may well

the calcium ole—r— depend on the size of the marble chips

carbonate | ST IR B S [because that alfects the sutface area), the

¥ o ag® 0 ?® concentration of the acid, the volume of acid

Figure 103 The reaction between calaum carbanate and suifure ood added, and the amount the flesk is shaken

This woukd make an inter=sting investigation
) = partcularly i you coukd then explain any
Any attempt to produce an insoluble salt from the reaction between a solid and a pattern in your results

liquid will fail for this reason. i




Notes on the table Solubility patterns
Ta keep the table simple, it includes one ar

twa compounds (like aluminium carbonate, nitrace charide sulfate carbanate hydraxide
far example} which don't actually exiss. Don't
worry about these. The problem won't anse ammanium
at GCSE
Hydroxides have been included far the sake potassium
of completeness, although they are not selts
The list & in reactivity series order, apart sodivm
s e T I —
compounds often have smilarties with barium
e I E— ] [—
are incdhuded near them
Thete is no dear cut-off between nsoluble’ magnesium _ _
and ahmest insoluble’ compounds. The ones
picked o1t s skmest insoluble Inchude the | shuninuen ]
more cammon ones that you might need to
kivaw abous elsewhere in the course. e T |
f —
_ iran ]
9y
£ copper | | Fa—
™
- stver e N
C°.
—
g
o key
~
5 || —
v
soluble insoluble almost msoluble
{dightly soluble)
Figure 10.4 Solutviity patterms
Noie that;
@ all sodinm, potassium and ammonium compounds are solulle
@ all nitrates are soluble
It can seem a bit daunting to have to ® most common chlorides are soluble, except lead(1l) chiloride and slver chloride
remembar all this but i it & hard as i
Iooks 3 first sight @ most common sulfates are solulle, except leadi11) sulfate, bartom sulfare and

mast of these compounds are soluble. Leam
the exceptions in the sulfases and chlondes
The reasan for the exceptions in the

oz "::‘:: o :.ﬁ iy St all mu':" ® most metal hydroxides are insolulile lor almost insaluble), except sodium,
w' luble. ' potassivm and ammonium hydrosides.
T

® most common carbonates are insoluble, except sodium, potassium and
ammonium carbonates




Making soluble salts (except sodium, potassium and
ammonium salts)

These all imvolve reacting a solid with an acid. You can use any of the following
mixtures:

@ acid + metal (but only for the moderately reactive metals from magnesivm to
iron in the reactivity series)

® acld + metal oxide or hydroxide
@ acid + carbonate.

Whatever mixture you use, the method is essentially the same.

Making magnesium sulfate crystals

Ersough margnesium is added 10 some dilute sulforie ackd so that there is some left

over when the reaction stops bubbling, This Is to make sure there ks no actd left in
the linal mixture.

Mg(s) + H,50,(aq) — MgSO (aq) + H.{g)

The unused magnesinm s then Hiered off, and the magnesium sulfate solution s
concentrated by bolling it until crystals will form when it is cooled. You can test for
this by cooling a small sample of the solution quickly: If the sample crystallises, so
will the whole solution.

'««.,% ,drop of solupan
s sampled on a
T,y glassrod
filter paper with L% i +F—— ragnesium
excess magnesium, goure —= 0 sufate

=S &‘ ,.. '.’

g

Figure 106 Making magneniiem sulfate crydals

In the diagram. a small drop on the end of a glass rod is cooled rapidly in the air to
see whether crystals form.

Finally, the sodution is lelt 1o form colourkess magnesium sulfate crystals, Any
uncrystadlised solution can be poured off the crystals, and the crystals can be
blotied dry with paper tissue.

Why not just evaporate the solution to dryness? Water of crystallisation

[t would seem much casier 1o just boil off all the water rather than crystallising the
solution slowly, but evaporating te dryness wouldn't give vou magnesium sulfate

crystals. Instead. vou would produce a white powder of anhydrous magnesium
sulfate,

Figure 10.5 Oilute swilfuric aoxd with cxcess
magneskim,
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Chapter 10: Making Salts

In the formula for the aystals, you mighs find
either a dot or a comma between the MgSO,
and the JH.O

Flgure 10.7 Copper(ll) suifate crystals

Before you go on it would be a good idea
to read pages 74-75 In Chapter § for the
background to these reactions

‘Anhwdrous’ means ‘'without water'. When many salis form their crystals. water
from the sodution becomes chemically bound up with the salt. This is called water
of crystallisation. A salt which contains water of crystallisation is said to be
hydrated.

M@Ju) - 7”10(0 “r Méo".IH;o(s)

The extra water in the equation comes from the water in the solution.

Making copper(ll) sulfate crystals from copper{ll) oxide

The method 15 Iderttical, except that you add am excess of black copper(Il} oxide 10
Eror dilute sulfurdc ackl. You can easily see when you have an excess because you
are left with some unreacted bleck solid.

CuOfs) = H,S0,(aq) - CusO,(aq) + H,0()
CuS0 (aq) + 5H,0(1) — CuSO, 5H.0(s)

How do you know whether you need to heat the
mixture?

Carbonates react with dilute aclds In the cold. and 5o does magnesium. Most other
things that you are likely to come across need 1o be heated.

celd hac

carbonates

magnesum

Flgure 10.8 Do you ownd to beat the muture?

Making sodium, potassium and ammonium salts
The need for a different method

In the method we've just been looking at, you add an excess of a solid to an acid,
and then filter off the unreacted solid. You do this to make sure all the acid s
used up.

The problem is that all sodium, potassium and ammonium compounds are soluble
in water. The solid you added to the acid would not only react with the acid, but
any excess would just dissolve in the water present. You wouldn't have any visible
excess to lhter of. There's no simpie way of secing when you have added just
enough of the solid to neutralise the acid.

Solving the problem by doing a titration

You normally make these salts from sodium or potassium hydroxide or ammonia
solution. but you can alse use the carbonates. Fortunately. solutions of all these are
alkaline. That means you can tind out when you have a neutral solution by using
an indicator,

The method of Anding out exacily bow much of rwo solutions yvou need 1o
neutralise each other is called o titration. The point at which an indicior changes
colour during the titration is carlled the end point. of the titration.



Having lound out how much acid and alkali are needed, you can make a pure
solution of the salt by mixing those same volumes again, but without the indicator.

Making sodium sulfate crystals

2NaOH(aq) + H SO, (aq) — Na,SO (aq) + 2H O(1)
23 cm’ of sodium hydroxide solution is trunsferred to a comical task vsing o
pipette, and a few drops of methyl orange are added as the indicator,

Dilute sulfurice acid is run in from the burette until the indicator turns from yellow

0 orange,
nac enough
axid

Figure 10.10 Cofowr changes for methyl crange

The vedume of acld needed s noted, and the same volumes of ackd and alkali are
mixed together in a clean flask without any Indicator. The solution can be
crystallised by evaporating it to the point that crystals will form on cooling. and
then leaving it for the crystals to form. The crystals are finally separated from any
remaining solution and allowed to dry.

Na SO (aq) + 10H O(f) — Na SO, 10H Ofs)

Making sodium chloride crystals
NaOH(aq) + HCl(aq) — NaCl(aq) + H,0(l)

You would need to do the titration using dilute hydrochloric acid rather than dilute
sulfuric acid. However. once you have re-mixed the acid and the alkali without the
indicator, vou can then evaporate the sodivm chloride solution 1o dryness rather
than crystallising it stowly. Sodium chiloride crystals don't contain any water of
crystallisation, so you can save time by evaporating all the water ofl in one go. The
disadvantage is that you end up with cither a powder or very tiny crystals,

Making ammonium sulfate crystals
2NH (aq) + H SO (aq) — (NH,) SO (aq)

Using ammomia solution rather than sodivm hydroxide solution makes no
difference to the method. Although simple ammonium salts don't hove water of
crystallisation. you would still crystallise them slowly rather than evaporating
them to dryness. Healing dry ammonium salts tends to break them up

Making insoluble salts
Precipitation reactions

To make an insoluble salt. vou do a precipitation reaction. A precipitate is o
line solid that is formed by a chemical reaction involving liquids or gases. A
previpitation reaction is simply a reaction that produces a precipitate.

Figure 10.9 Apparatus for carrying out a (Xralicn
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Flpure 1011 A precipitate of sifwr chlange

The water molecules i the solutions have
been oft cut to avosd clunienng the disgram

lonk equations for precipitation reactions
are simple to wnte. Wiite down the farmula
far the precipitate an the right-hand side

of the equation. Wite down the formulas
for the ioms that kave dumped together to
praduce it on the leflt-hand side. Don't forget
the stals symboks

For exaomple, il silver chloride is produced from s reaction involving solutions, you
et o white precipitare formed, because silver chloride won't dissolve in water — and
$0 i8 sewr as o fine white solid,

The photograph shows the results of this reaction:
AgNO (aq) + NaCl{aq) — AgCI(s) = NaNO,(aq)

Explaining what's happening

Silver nitrate solution contains silver ions and nitrate ions in solution, The positive
and negatlve ons are atracted 1o each other, but the attractions aren't strong
enough to make them stick together. Stdlarly, sodium chloride solution contains
sodinm totes and chlordde lons — agaln, the attractions aren't strong enough for
them to stk together,

When you mix the two solutions, the vanious ions meet each other. When silver
tons meet chboride tons, the attractions are so strong that the ions clump together
and form a solid. The sodium and nitrate ions remain in solution because they
aren’t sufficiently atiracted to cach other

sitver ions and chloside ions stiddng
sitver fon nitrate ion tagether to make solid siver chioride

3 *
®?®°@ - ..:‘. X e —— sodium jons and

@2 o @, ? o ~-hitrate ions a
Oigr® YT Y f ey
) /’ .\\ 0@ @:@
charide lon sodium lon

Flgure 10.12 Freapirarion of whwr chicride

Writing jonic equations for precipitation reactions

The ionk equarion for a precipitation reaction is muoch easier to write tharn the full
equartion. All that is happening in one of these reactions is that the jions of an
insoluble salt are clumping together to form the solid. The ionic equation simply
shows that happening, You don't need to worry at all about the spectator jons —
they aren’t doing anything

Ag'(aq) + CI"(aq) —+ AgCl(s)
This mesms that IF you mix amy solution containing stlver lons with any solution

containing chlorsde lons, you will ger the same white precipitae of silver chlorkde,

Making pure barium sulfate
Ba*(aq) + 50" (ag) — BaSO,(s)

You can mix solutions of any soluble barium compound (for example, barium
chloride or barium mitrate) with any soluble sulfute. The sullate doesn't necessarily
bave 10 be a salt. Dilute sulfuric acid contains sulfate jons, o you can perfectly well
use that,

Suppose vou deckde to use bartum chloride solution and dilute sulfuric acid.



You would mix the solutions to get a white precipitate of barium sullate, The
bvdrogen ions from the sulfuric acd and the chloride ons are just spectator ions
and aren't involved at all.

The mixture is liltered to get the precipitate. The solid barium sulfate ts impure
because of the presence of the spectator ions and any excess barium chloride
solution or sulfuric acid. It is washed with pure water wihile it is still on the filter
paper and then left to dry.

Making pure lead(ll) iodide

It doesn't matter il the salt ks unfamiliar 1o you. as long as you are tokd that it is
insoluble in water. For example. 1o make lead( I iodide you would have to mix a
solution containing lead(1l1 ions with one containing iodide fons,

Pb*(aq) + 21{aq) — Pbl fs)

The most common soluble leadi I salt is leadi 11 nitrate, A simple source of odide
ions would be sodium or potassivm iodide solution, because all sodium and
potassium salis are soluble,

The photograph shows the vellow previpitate of lead(ll) iodide, This can now be
liltered, washed and dried,

Summarising the methods of making salts

no
——

Figure 10.14 Methods of making salts

In an exam, simply use the wotds Tiker, wash
and diy the precipitate’

Figure 1013 A previpitate of feadi]l) lodiie.
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You should now be able to:

know which salts are soluble and which are insoluble in water

give practical details of how you would make a pure, dry sample of a salt from the reaction
between a suitable solid (metal, metal oxide, metal hydroxide or metal carbonate) and an acid

know which salts can be made by this method

describe how to make pure, dry samples of sodium, potassium or ammonium salts using a

titration method

describe how to make pure, dry samples of insoluble salts using precipitation reactions

write ionic equations for precipitation reactions.

Questions

1 Sort the fallowing compounds into twa lists - those that are
saluble in water, and thase that are insoluble.

sodium chionde, lead|{ll) sulfate, zinc nitrate, calcium
carbonate, iron{ll) sulfate, lead(ll) chloride, potassium sulfate,
copper(l!) carbonate, sitver chloride, aluminium nitrate,
banum sulfate, ammanium chlonde, magnesium nitrate,
calcium sulfate, sodium phosphate, nickel{ll) carbonate,
chromium(ill) hydrowade, potassium dichromate{ V1)

2 a) Describe in detail the preparation of a pure, dry sample of
copperfll) sulfate crystaks, CuSO,-5H.0, starting from
copper(ll) oxide,

b) Write full equations for (i) the reaction producing
copper(ll) sulfate solution, (i) the crystallisation reaction.

3 a) Read the following description of a method for making
sodium sulfate crystals, Na,SO -10H,0, and then explain
the reasons for each of the underlined phrases or
sentences.

25em? of sodium carbonate solution was transferred to a
conical flask ugng a pipette, and a few drops of methyl

r . Dilute sutfuric acid was run in from a
burette until the solution became orange, The volume of

acid added vars noted, That same volume of dilute sulfuric
weld was added to a fresh 25em? sample of sodium
carbanate solution in & clean flask, but without the
methy orange. The mixture was evaporated until a
sample taken on the end of a glass rod crystallised on
cooling in the air. The solution was left to cocl. The
crystals formed were separated from the remaining
solution and dried,

b) Wrnite equations for (i) the reaction producing sodium
sulfate solution, (ii) the crystallisation reaction.

4 Suggedt solutions that could be mixed together ta make each
of the following imsoluble salts. In each case, write the ionic
equation for the reaction you choose.

a) silver chloride

b) calcium carbonate
c) lead(ll) sulfate

d) tead(l!) chloride

S Describe in detail the preparation of a pure, dry sample of
barium carbonate. Write the ionic equation for the reaction
You use,

6 There are three main methods of making salts:
A reacting an acid with an excess of a suitable solid
B using a titration
C using a preapitation reaction.

For each of the following salts, write down the letter of the
appropnate method, and name the substances you would
react together. You should state whether they are used as
solids or solutions. Write an equation (full or ionic as
appropnate) for each reaction.

a) zinc sulfate

b) barium sulfate

c) potassium nitrate {nitric acid is MNO,)
d) copper(ll) nitrate

e) ‘ead(ll) chromate( V1) (a brnght yellow insoluble solid;
chromate{Vl) ions have the formula CrO,*).



Chapter 11: Separating and Analysing

Separating mixtures

Figure 117 Chermvats have to be able to gef Figure 112 pore substances from modures

Making pure salt from rock salt

Rock salt consists of salt contaminated by various earthy or rocky impuritics, These
impuritics aren't soluble in water,

I you crush the rock salt and mix it with hot water, the salt dissolves, but the
impurities don't, The impurities can be Alterad off, and remain on the Alter paper.
The salt solution (the Hltrate) which drips through the lter paper can be heated to
remove the water. keaving pure salt, You can boll salt solution to dryness to get solid
salt because sodium chloride doesn’t have water of crystallisation. You will find
more about this in Chapter 10 (page 841.

This is typical of the way you can separate any mixture of two solids, one of which
is soluble in water, and one of which isn't. If you want a pure sample of the solid.
you must wash it with pure water while it is still on the filier paper to remove any
traces of solution. Then you leave it to dry.

Making pure water from sea water - simple distillation

The water boils and is condensed back again to a lkquid by the condenser. The salt
remains in the tosk.

water out

adearm —
flask

i f
water e 3
ﬁ_q 7
Ve d”,

BAUTE —e s ens

1

heat
Figare 17.4 Duailling pune water from sea wialer

You could, of course, colbect the salt from the water s well as collecting pure water.

The sea water eventually becomes so concentrated thun the salt will crystallise out as
o white solid. This solid (knowm as sea saft ) isn't pure sodinm chloride, It contains all
the other soduble substances (some Sxod, some pot 5o good) present in the sea witer.

This chapter starts by summarising
various common methods of
separating mixtures. It then goes on

to look at some simple tests used to
identify substances in the lab. v

Flgure 11.3 Rack sair

To make the bokng smoother, you aften
put same small preces of quanz (known as
anti-bumping granubes’) into the flask with
the sea vater

Naotice that weter is abays fed into the
condersar at the lower end That way, if
the flows of water stops for any reason. the
conderser jacket remains full of water

nd Analysing
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Onee again, you would normally include
some anti-bumping gramules to make the
mixture bol more smoathly.

Notice that the bulb of the thermameter

has to be exactly at the side-arm of the
Iractionating column You are mterested in
the temperature af the vapour escaping into
the conderser

The fractionating colummn s often packed
with glass beads or sorrething similar,
although the separation of alcohol and water
in the lab works perfectly well just with an
empty column. For regsons that are besyond
GOSE, & high surface area in the column
helps separation of the two vapours. The
aleohol produced by this expeniment s about
S6% pure. For complcated reasors, again
beyond GOSE, i1t is impossible 1o remove the
Last 4% of wates by distillation

A

N

Figure 11.6 Separalmg petral and water.

ap

Fractional distillation

Fructional distillation is used to separate liquids such as alcohol (cthanol) und
water. Akohol and water are completely miscible with each other. That means you
can mix them together in any proportions and they will form a single liquid layer.
You can separate them by taking advantage of their difficrent boiling points, Water
boils at TO0°C; alcohol at 78 °C.

TS TN TVETET
e 78°C
ll'- waler cut
- ' candense
s
fractonating——| “\‘\H\.\“\?:
calumn e —
water in ] ) I
\ akncat pute
i =
flask

warerfakcohal i

Inixture

— O
heat

Flgure 11.5 Fractional dotifiatian.

Boih liquids boil, but, by careful heating you control the temperaiure of the column
s0 that the water all condenses in the column and frickles back into the Hask, (nly
the alcohol resmaing as a vapour all the way 1o the top, and out info the condenser.

Separating petrol and water

Petrol and water are immiscible — they won't mix with eswche other. and the petrol
floats on top of the water. They are easy to separate using a separating funnel to
run them off into two different beakers.

Recrystallisation

This is used to purify soluble substances contaminatod with small guantities of
other soluble substances. The impure solid s dissolved in the minimum amount of
hot water |or other suitable solvent ), and then allowed to cool again. Most solids
are less soluble in the cold than in the hot, and so crystals are formed again. As
long as there are only small amounts of imparities, they stay In solution.

The crystals can be lltered and washed on the lilter paper with a small amount of
cold water (or other solvent), and then allowed 1o dry.



Paper chromatography
A simple example

A spot of ink is put onto some chromatography paper Gan absorbent paper like lilter
paper or blotting papert. and the paper is hung in o boiling tube containing some
solvent, You might use water. or a non-aquenus solvent (o solvent other than

ater]. What you woulkd use would depend on whether you are using a water-
soluble ink or biro ink, which won't dissolve in water,

The solvent gradually soaks up into the paper. Having the paper in a sealad tube
stops the solvent from evaporating as it travels up the paper.

The dyes that make up the ink will differ in two important ways:
@ they will difler in how strongly they stick to the paper
@ they will differ in how soluble they are in the solvent.

In Figure 11.7, spot € has hardly moved. Either it was not very soluble in the
solvent, or it stuck very tirmly o the paper (or both). 0n the other hand. spot A
moved almost as [ar as the solvent. It must be very soluble in the solvent, and not
very well attached to the paper. The pattern you get is called a chromatogram,

In the example shown, the ink must have contained o minimum of three different
dyes, but there could be more. It is possible that one of the spots s made up of two
stlarly coloured dyes that Bappened 1o have moved the same distance, You coukd
only find this our by trving a different solvent.

Using paper chromatography in analysis

The simple apparates in Figure 117 can be scaked up to allow vou to identily
particular dyes in a mixture,

A pendl line is drawn on a larger sheet of paper. and pencll marks are drawn along
the line to show the original positions of the various dyes placed on it (see Figure

1 1.8). One spot ks your unknown mixture; the others are single, known dyes. The
chromatogram is then allowed to develop as before.

-

: height
reached
by solvent

pencd line

and orignal
pomuans of
spots of dye

" u < = -

m_dl @ d3
Figure 11.8 Scaled. up paper chromartogaphy

The mixture (m) has spots corresponding to dyes 1. 7 and 4, They have the same
colour as spots in the mixture, and have travellad the same distance on the paper.
Although dye 2 is the sime colour as one of the spots in the mixture, it has
iraveled a different distance and so must be a different compound,

cork

paper clip ————

pasition

reached patA

solvent

> ' spac B
. . W c

pasition of é y

oHginal spot 4 7— salvent

=

Figure 11.7 Simple paper chromalogragfry

You will find a photograph of a scaled-up
version on page 89.
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Collecting and identifying gases
Collecting gases
Garses can be collected in different ways, as shown in Figure 11,9,

-—:I\ : f

N - o \:_Lf
dawrrwards inta a upvardslnmat:sx aver warer

rest tube oF gas jar tube or gas |ar
(dowrtward delvery)  (upward delivery)

Figure 11.9 Methods of callecting gases.

Collecting imto a gas svringe is fine il you want to measure the volume of the gas.
To test the gas, though, you would have to transfer it to a test tube vsing one of the
first three metbods,

How to collect and test individual gases
Hydrogen, H,

Hydrogen is less dense than air and is almost insoluble in water. Collect it over
water or upwards into a test tube or gas jar

Hydrogen pops when a lighted splint is held to the mouth of the tube. The hydrogen
combines explosively with oxygen in the air to make water.

2H (g) « O (g) — 2H,0(1)
Oxygen, O,

Oxygen bas almost the same density as air and is only slighily soluble in water, You
normally collect it over water,

Oxygen relights a glowing splint.

Carbon diovide, CO,

Carbor dioxide is denser than air and can be collected downwards Into a test tube
or gas Jar [t s only slightly soluble in water and so it can be collected over water
as well.

Carbon dioxide turns lime water milky (or chalky). Lime water is calium hydroxide
solution. Carbon dioxide reacts with it to form a white precipitate of calcium
carbonate.

Ca(OH),(aq) + CO,(g) — CaCO fs) + H,0(l)



Chlorine, (fl.,

Chlorine is denser than air and s usually collected downwards into a test tube or
gas |ar. Because chlorine is green. it is easy 1o see when the tube or gas Jar vou are
colkecting it into s full. Chlorine is 100 soluble to collect it satisfactorily over witer,
but you can collect it over concentrated salt solution instead. [t is less soluble in the
salt solution.

Chlorine is a green gas which bleaches damp litmus paper.
Armmonia, NH,

Ammonia is less dense than air and is extremdy soluble in water. 1t can only be
colkected upwards into a test tube or gas jar.

Ammonia is the only alkaline gas that you will meet at GCSE, It turns damp red
litmus paper blue,

Testing for water
Using anhydrous copper(ll) sulfate
Water turns white antoadrous copperill} sulfate blue.

Antvdrous coppertll) sulfate kicks water of crystallisation and is white. Dropping
water onto it replaces the water of crystallisation, and rurns it bloe

If vou aren't sure about water of crystallisation, see Chapter 10 (page 83-84).
CusO (s} + SH O(I) — CuSO, 5H_O(s)

This test works for anything which contains water. [t does not show that the water
is pure. You can check the purity by showing that it freezes at exactly 0°C and boils
at exactly 100°C at 1 atmosphere pressure.

Using cobalt chloride paper

Cobalt chlonide paper is simply filter paper that has been dipped into cobalti1l)
chloride solution and then dried thoroughly in a desiceator. A desiccator is a plece
of glasswure or a small cabinet which contains a tray of some substance which
absorbs water.

When it is dry, the paper is blue, Adding water to it turns it pink

Mmee again, anything that contains water will turn cobalt chiloride paper from blue
to pink. The water doesn't have to be pure.

Testing for ions
Flame tests

A flame tes1 is used 10 show the presence of certain metal ions in a compound. A
plitinum or nichrome wire is deamed by dipping it into concentrated hydrochloric
acid and then holding it in a kot Bunsen fkeme. This is repeated until the wire
doesn’t give any colour 1o the fame,

The wire is dipped back into the acid, then inte a tiny sample of the solid you are
testing. and back into the Hame.

Figure 11.10 Chlanine bleaches damp litmus
papsr

Figure 1111 Jesting for warer with anhydrous
copperll) ulfate

Figure 11.12 Teang for water with cobalt chvonde
papey

Nichrorre (u nickel-chromium alloy) is
o cheap alternatve o platinum. It does,
however, alwarys produce & faint yelfow
colaut in the flame, which you hive to
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g

Separating and Analysing

Chapter 11




Lithium sn't the only 1on to give a red Mame
colour. Strantum gives a very similar colour
The only way to be sure is to compare the
flarme colows sde-by-side with a known
compound of lithwm or stranbum

Flgure 11.13 RBed chaws ithium woms Figurm 11,14 Strong, pemistint arange thows

SO0 o

The calowm flame test often has <0 much

orange m it that it can be confused with

sodwm. The or nge-red often appears fo

oy quite & short time You can often get a

good, but very shors ved flash of red If you

oap the wire brefl v DA k into the aod, and

then retum it 10 the flame

Ifyou aren't sure about precptaton |
reactions and the iorc equatans for them

25U 0% Figure 11.16 Orange-ned (brack red) shows calonm

you must read Chapter 10 (pages 85-87 Figure 11.15 Liiar {pink} shows pe

ocm

before you go on

Testing for positive ions using sodium hydroxide solution

OF the common hydroxides, only sodivm. potasstum and ammonivom hydroxides
dissolve In water to any extent. Most metal hydroxides are insoluble. That means
that if you add sodinm hydroxide solution to a solution containing the metal ions

vou will get a precipitate of the metal hydroxide.

Four simple cascs where it is casy to identify the positive ions are described below:
A blue precipitate is lormed

This shows the presence of copper|Il) ons. The precipitate ks coppertll) hydroxide.

Cu”(aq) + 20H(aq) — Cu(OH) (s)

Any coppertll) salt in solution will react with sodium hydroxide solution in this

way. For example, with copper(1l) suliate solution, the full equation is:

Figure 1117 The blue CuSO‘(a.q) % ZNaOH(aq) LY Cu{OH):(s) + Na‘_so‘(aq)

precipitate af copparn(ii)
hydroode




An orange-brown precipitate s formed
This shows the presence of ironiI1l) fons. The precipitate is rond 1) hydroxkde.

Fe*(aq) + 30H (aq) — Fe(OH),(s)

Any tron( [ compound In solution will give this precipitate. An example of a full
equation might be:

FeCl,(aq) + 3NaOH(aq) — Fe(OH),(s) + 3NaCl(aq)

Notice how much more complicated the full equations for these reactions are, They
also hide whant §s going o, Use onie equations for precipitaiion reactions wherever
possible,

A green precipitate is formed

This shows the presence of ironi L) ions, The precipitate is iront L) hydroxide,

Fe**(aq) + 20H {aq) — Fe{OH),(s)

This could be the result of reacting. say. iron(1l) sullate solution with sodium
hydroxide solution,

FeS0,(aq) + 2NaOH(aq) — Fe(OH),(s) + NaS0,(aq)

The green previpitate darkens on standing and turns orange-brown around the top
of the tube, This is due to the iron! ) hydroxide being oxidised to iron(11) hydroxide
by the air.

No precipitate, but a smell of ammonia

This shows the presence of an ammonium salt. Sodium hydroxide solution reacts
with ammonium salts leither solid or in solution ) to produce ammonia gas. In the
cold. there is just enough ammonia gas produced for you to be able to smell it IT
you warm it you can test the gas coming off with a piece of damp red litmus paper.
Ammonia is alkaline and turas the lHtmus paper blue.

NH, (s or aq) + OH {aq) — NH (g) « H,0()
A typleal full equation might be:

NH Cl(s) + NaOH(ag) — NaCl(aq) + NH_(g) + H,0{l)

Testing for carbonates

I your add a dilute acid to a solid carbonare, carbon dioxide is produced in the cold.
It is probably best 1o use dilure nitric acid. Some acid—carbonate combinations can
produce an insoluble salt that coats the solid carbonate and stops the reaction, bur
this doesn’t happen i you use nifric ackd because all nitraes are soduble,

Add a fittle ditute nitric acid. look for bubbles of gas produced in the cold, and test
the gas with lime water 1o show that it is carbon dioxide.

The ionic equation shows any corbonate reacting with any acid,
€0, (s) + 2H'(aq) = €O, {g) + H,0)
For example, using zine carbonate and dilute nitric acid:

ZnCO,(s) + 2HNO (aq) — Zn(NO,) faq) + CO,(g) + H,0()

Figure 1118 The
crange-brown
precigitate of son(In)
Bydroade

Figure 11.19 The

Green precipilate of
ironflI} hydroside.

Recognisng gases by smelling them has 1o
be done with great care. In this case, there is
usually so tle ammonia gas present in the
cold that it is safe to smell it as long as you
take the normal precautions. You shouldn't,
however, make anry attempt o smel the
mixture when itis varm

See Chapter 10 (page 81) for a discussion of
the mscluble salt problem.
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You could equally well use nitrc acid and
banum nitrate solution. You must never
acxdify the solunon with sulfunc acid
because sulfunc acid contans sulfate ons.
If you add those. you are bound o get a
preapitate of barum sulfate, whatever ekse
15 present

Figure 11.20 FrecipRares of sWer chioride, siley
bromide and siber odide

All of these preapitates tend to discoloyr
tawards groys and pake purples on espasure
to light

The bramide and sadide colours are quete
dfficult 1o dstinguish between m practice
Thare is a follow-an test invohing ammonia
solumion which helps 1o sort them out, bin
this i beypand GCSE

Testing for sulfates

Make a solution of your suspected sullate in pure water. add enough dilute
hydrochloric acid to make it acidic and then add some barium chiloride solution.
A sullate will produce a white precipitate of barium sullite.

Ba™(aq) + SO, *(aq) — BasSO (s)

You acidify the solution to destroy other compounds which might also produce
white previpitates when vou add the barium chloride solution. For example, if you
dikin't add acid. vou would also get a white precipitate if there was a carbonate
present because bartum carbonate is also white and insoluble. The acid reacts with
and removes the carbonate fons.,

Testing for chlorides, bromides and iodides

This is very similar to the test for sulfates. Make a solution of your suspected
chloride, bromide or iodide and add enough dilute nitric acid to make it acidic. Then
add some silver nifrete solution.

The acid is added 10 resct with and remove other substances which might also
produce precipitaies with silver nitrate solution.

A white precipitate (of silver chloride) shows the presence of chloride ions.

Ag'(aq) + Cl(aq) — AgCl(s)
A pale cream previpitate (of silver bromide shows the presence of bromide ions.

Ag(aq) « Br{aq) — AgBr(s)

A yellow previpitate (ol silver iodide) shows the presence of iodide ions.

Ag(aq) + I{aq) — Agl(s)



N
N End of Chapter Checklist

N

You should now be able to:

describe ways of separating mixtures, including simple distillation, fractional distillation, filtration,
crystallisation and paper chromatography
know how to test for hydrogen, oxygen, carbon dioxide, chlorine and ammonia

know how to test for the presence of water using anhydrous copper{ll) sulfate or cobalt chloride

paper
describe how to carry out a flame test, and know the flame colours produced by lithium, sodium,
potassium and calcium compounds 90
know how to use sadium hydroxide solution to test for the presence of Cu™, Fe™, Fe™ and NH * 8
ions in solution, and write full or ionic equations for the reactions involved &
know how to test for carbonates using a dilute acid, and write full or ionic equations for these ﬂ
reactions @
know the tests for sulfates, chlorides, bromides and iodides, and write full or ionic equations for ,‘?
these reactions. &
&
=
» —
Questions 5
-—
1 Four commaon methods of collecting gases are: 3 Name the gas being described in each of the follovang cases. E
A downwards into a gas jar a) A green gas that bleaches damp litmus paper. v
B upwards inta a gas jar b) A gas that dissolves readily in water to produce a solution
C e e with a pH of about 11.
y ’ A gas that hi ipitate with calel
Dina gas syrings. c) Agas i‘:e produces a white precipitate with calcium

Which method would you use in each of the following cases?

a) To collect a dry sample of carbon dioxide in order todo a
reaction with it

b) To measure the amount of hydrogen produced in 10s
during the reaction between dilute sulfuric acid and

d) A gas that pops when a lighted splint is placed in it.
e) A gas that relights a glowang splint.

4 In order ta find out who had written a threatening letter, a
sample of ink from the letter was dissolved in a solvent and
then placed on some chromatography paper. Alangside it

magnesiup, were put spots of ink from the pens of five suspects - G, M, P
¢} To collect a sample of carban monaxide - a calourless, R and T. The final chromatogram looked like this:

odourless, potsonous gas, insoluble in water and with

appraximately the same density as alr.
d) Tocollect a sample of ammonia in order todo a reacion D

with it i .

2 Suppose you had a valuable collection af small diamonds, " 1 )
which you kept safe from thieves by mixing them with white { ‘
sugar erystals and storing the mixture in a far labedled ‘sugar’

The time has now come when you vant [ sell the diamonds. | . ' .
Describe how you woeukd recover all the diamaonds from the |
SUgAT. ' |
| i |
'
x » » h L x
leter G ™ P R T
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a) Which of the five suspects is using ink that matches the
sample from the letter?

b) Which of the suspects & using a pen that contains ink
made from a single dye?

¢} Which two of the five suspects are using pens containing
the same ink?

d) Whose pen contained the dye that was most soluble in
the solvent?

Describe fully haw you would carry out the following tests, In
each case, describe what you would expect to happen,

a) A flame test for lithium ions in lithium chloride
b) A test for ammonium ions in ammonium sulfate.
c) Atest for sulfate ions in ammonium sulfate.

d) A testfar the presence of water.

€) A test for carbonate ions in caldum carbonate.
f) Atest far iadide ions in potassium iodide,

A is an orange solid, which dissalves in water to give an
orange solution. When sodium hydroxide solution is added
to & solution of A, an arange-brown precipitate, B, is formed.
Adding dilute nitric acid and silver nitrate solution 1o a
solution of A gives a white precipitate, C.

a) identify A, Band C.

b) Write equations (full or lonic} for the reactions producing
Band C.

D is a green crystalline sofid which dissolves in water to give a
very pale green solution. Addition of sodium hydroxide
solution to a solution of D produces a green precipitate, E,
which turmns orange around the top on standing in air.
Addition of dilute hydrochloric acid and banum chloride
solution to a solution of D gives a white precipitate, F.

a) identify D, E and F.

b) Write equations (full or lanic) for the reactions producing
Eand F.

G is a colourless crystalline salid which reacts with dilute
nitric acid to give a colourless solution, H, and a colouriess,
odourkess gas, |, which turns lime water mitky. G has a lifac
flame colour.

a) Identify G, H and |.

b) Write an equation (full or ionic) lor the reaction between
G and dilute nitric acid.

9 Suppose you had some potassium nitrate contaminated with

small amounts of potassium carbonate. Potassium carbonate
is mare soluble in water than potassium hitrate is.

a) Describe how you would make a pure sample of
potassium nitrate from the impure mixture.

b) How could you test your final praduct to shaw that it no
langer contained any carbonate iohs?

10 (Hint: This question is deliberately designed to be confusing!
You can't, for example, identify A for certain just by reading
the first paragraph. You need information from later in the
question & well. Read through the question and just wnte
dawn the things you can be sure about, until it all falls into
place. A good starting point would be solution C.)

A 5 a green powder that, on heating, gives a black solid, F,
and a colouress gas, G, which tums lime water milky,

A reacts with an acid, B, to give a blue solution, C, and a gas,
D, which turns lime vaster milky.

Solution C gave a blue precipitate, |, when sodium hydraxide
solution was added to it.

Solution € ako gave a white precipitate, E, with dilute
hydrochloric acid and barfium chloride solution.

The black solid, F, reacts with hot dilute hydrochloric acd 10
glve a green solution, H.

a) Identify substances A to .
b) Write equations (full or ionic) for:
(i) the reaction between A and B

(i) the reaction between solution C and banum chlonde
solution

(iii) the reaction between wiution C and sodium
hydrexide solution

(iv) the reaction between F and dilute hydrochloric acid
(v) the effect of heat on A,
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Chapter 12: The Periodic Table

The Modern Periodic Table

The search for patterns in chemistry during the nineteenth century led eventually
o the modern Perlodic Table, The elements are arranged i order of atomike
mumber - the number of protons in the nudlel of the atoms.

The vertical colimes are called groups
12 3 4 5 6 7 0
I H He
2 U|Be B|C|IN|[O|F |Ne
g% 3 Ns Mg ANls|P|siala
.§3 4 KiCls| M|V Cr My | Fe |Co| N Cu|Zn| G |Ge | As | Se | Br | Kr
2|5 Rb|sr| Y |2 [Nb|Ma|Te|Ru|Rh|Pd | Ag|Cd| In [Sn|sb]Te] I |Xe
B e cal o ta v | e s [ e [ o [ o[ [
7 Fr | Ra Ae
inner transition elements
“Ce| Pr|Nd|Pm Sm|Eu|Gd|Th| Dy Ho|Er [Tm|Yb| Ly
STh| Pa| U [Np | PufAm Cm| Bk || Es |Fm|Md|Na| Lr

Flgure 121 Thw madarn Penodic Tablke

The inmer transition elements are usually dropped our of their proper places and
written separstely at the bottom of 1he Periodic Table. The reason for this isn't very
subtle, If you put them where they shoukd be (s in Figure 12,2}, everything Ias to
be drawn slightly smaller to fit on the page, That makes it more difficult 1o read.

- -

1

Figure 122 The raa! shape of the Penodic Tabe

Mot GCSE Periodic Tables stop at the end of the second inner transition scries,
even though more elements keep on being discovered, Some tables omit the inner
transition series altogether, because they mainly contain either uncommon or
highly radioactive clements,

The Periodic Table and atomic structure

Remember that the atomic number counts the number of protons in the atoms of
the element, which is equal 10 the number of electrons in the neutral om,
Elements in the same Group have the same number of electrons in their outer
energy levels (shells), That governs bow they react, and means that elements in the
same Group will have similar chemical properties,

T
;J\S\ome Essential Background Chemistry

The modern Periodic Table is one
of the most important tools that a
chemist has. This chapter explores
how it works.
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For & luger version of the Pencdic Table,
including atomic nunbers and other
infurmation, see page 226,
——

Now would be a good tirme to revise
electionic structures (Chapter 2. pages 6-12]
=




Figure 12.4 Mercury has most of the properties of
a metai (hgh densty, shiny, conducts electrialy,
forms posdive o) - excepd that i 5 a bqud,

Figure 125 Suifur crystals ane sy &t you
woldn't mvstake them for a metal

There is, however, a change in properties {sometimes graduoal, sometimes quite rapid)

from the top to the bottosm of & Group. You will find examples Liter in this chapter

Metals and non-metals in the Periodic Table

groups
I | 5 4 &5 4 7.0
1 =1
H He
L Be B|IC|IN|O| F |Ne
Na Mg Al|Si|P|S|Cl|Ar

K CaSe Ti V|G Mnipe Co | NiwCu|ZrnGu Ge | As | So | Be | Kr

= —— — —e — . .

RbSrYZrNbHoRRuRthAgOd ‘Sn SbiTe| | | Xe

Cy Ba La- HIf Ta W R-yOa Ir F‘l;Au‘,

T |Ph| & | Po| At | Rn

Fr Ras A:.

innwer trm:mon cic'm:m:

mesal e - Nd Pm Sm | Eu c.n n,‘c.y H»o Er *rm Yl,] ‘

. | 58

noer-emetal :Th Pa U Np Pu An! Cm 8l ‘: CH Ea Fm Ml! No Lr‘

Figure 12.3 Mela's and non-metals

Although the division into metals and non-metals is shown as clear-cut, in practice
there Is a lot of uncertainty on the dividing Hne. For example, arsenic, As, has
properties of both metals and non-metals.

Difterences between metals and non-metals
Moertals:

@ tend to be solids with high melting and bodling points. and with relatively high
densities Ibut as with several of the properties in this list, there are exceptions —
for example. mercury s a lguid - look for the words ‘tend to” in cach statement)

@ arc shiny when they are polished (known as a metallic Justre), and tend 10 be
casily workable

@ are good comductors of elevtricity and heat

@ form positive ions in their compounds

® huve oxides which tend 10 be basic, reacting with acids 1o give a salt and water
Non-metals:

@ 1end to have low melting and boiling points (carbon and silicon are obvious
exveplions)

@ tend 1o be britile as solids and, even il they are crystalline, they don't have the

same sort of shine a8 metals

® don’t usually conduct electricity — carbon tin the form of graphite) and silicon
are again exveplions

® arc poor conductors of heat
@ 1etud 10 form negative ions and covadent compoutuds

® have oxides which are acidic or neutral.



Group 0 - the noble gases
Physical properties

The noble geses are all colourless gases. Radon, at the bottom of the Group. is
radioactive. Argon makes up almost 1% of the air, Helium bas the second Towest
demsity of any s (after Ipdrogen).

All the gases are monatomic. That means their modecules consist of single atoms.

Their densities and boiling points illustrate typical patterns (trends) in physical
propertics as you go down a Group in the Periodic Toble,

-50- - 0.01
bailing paine
I density
= =
E
: {
-273 -0

He Ne Ar Kr Xe Rn
Figure 12.7 Boding powdt and density patterns in the nable gases

The density increases as the atoms get heavier. The boiling points also increase as
you go down the Group. This i because the atiractions between one molecule and
its neighbours get stronger as the atoms g@e bigger. More energy is needed 1o break
the stronger attractions. In heltum. these intermolecular attractions are very. very
weak, Very littke energy s neaded 10 break these attractions. and so hellum's
bodling point is very how.

Chemical reactivity

The noble gases don't form stable lons. and so don't produce lonke compoungds.
They are reluctant to form covalent bonds because, In most cases, it costs too much
energy 10 rearrange the full energy levels to produce the single electrons that an
atom needs 11 1 is to form simple covalent bonds by sharing electrons. That means
that these gases are gemerally unreactive.

Until the 1964k, scientists thought the noble gases were completely unreactive,
Then they found that they could make xenon combine with Huorine just by heating
the two together. Alter that, @ number of other compounds of both xenon and
krypton were found - mainly combined with fluorine and oxygen, such as XeF |,
Xe0), XeOF , KrF , and several more,

He

>

Xe
Rn

Figure 12.6 The noble gases.

| have included some farmulae, nat because
you are expectad to leam them, but to

show that it is pesfectly possible to have
compaunds ol some of the noble gases. They
dont fit easdly into a GCSE views of covalent
bonding, but you will certainly be able to
explain the bonding in, sy Xef, if you da
chemistry 10 o higher evel

Thn "1‘:"- Ogic ?x‘lt:‘ o
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Li Group 1 - the alkali metals
This Group contains the familiar reactive metals sodium and potassium as well as
Na some less common ones.
Francium, at the bottom of the Group, is radicactive. One of its isotopes is
K produced during the radioactive decay of uranium-23 3, but is extremely short-
lived. Orece you know about the rest of Group 1§, you can predict whan framcium
Rb would be like, but you can't realistically observe its properties, We will make those
: predictions lter.
Cs Physical properties
Fr Meclting point (°C)  Boiling point ("C)  Density (g/cm’)
7] 181 1342 ‘ .53
Flgure 12.8 The alkall motals 4l | : | . | =
Na | 8 | 883 | 0.97
K_| 63 . 760 | 0.86
Rb 3 | 63 | 1.53
Cs 29 ‘ 669 l 1.88
Nobody ls expecting you to remernbes Notice that the melting and beiling points of the clements are very low lor metals.

these vajues! They are here just to show the

patterrs. You will be espected 10 knaw thoss

R Their densities 1end 1o increase — although not as tidily as the noble gases. Lithium,
g sodium and potassium are all less dense than wiater, and so will Qoat on it

and get lower as you go down the Group.

The metals are also very soft and are eastly cut with a knife. becoming softer as you
20 down the Group. They are shiny and silver when freshly cut. but tarnish within
seconds on exposure to air.

Chapter 12: The Penndic Table

Storage and handling

All these metals are extremely reactive. and get more reactive as vou g down the
Group. They all react quickly with air to [orm oxides. and resct between rapsdly and
violenttly with water to form strongly alkaline solutions of the metal hydroxides.

To stop them reacting with oxygen or water vapour in the air, lithium, sodium and
potassivm are stored under oil. Il you look carcfully at Figure 12.9, you will see
traces of bubbles in the beaker containing the sodium. There must have been a tiny
amount of water present in the oil that the sodivm was placed in,

Rubldium and caestum are so reactive that they have to be stored In sealed glass
tubes to stop any possibility of oxygen getting at them.

Great care must be taken not 1o touch any of these metals with bare tingers. There

Fl, 12.9 Uthvam, sadiim and potassm haw g " : E
w‘;"mt in oil to stop ,,'wm m,f:‘g with coygen could be enough sweat on your skin to give a reaction producing lots of heat and a

in the air. very corrosive metal hvdroxide,




The reactions with water
All these metals react with water to produce a metal hipdroxide and hydrogen.

metal + cold water — metal hydroxide + hydrogen

The main diffcrence between the reactions is how fast they happen. The reaction
between sodium and water is typical.

With sodium
2Nafs) + 2H,0(1) — 2NaOH(aq) » H,(g)
sodium foats and meles
into a smal ball

evo'vcd hydrogen evalved
arvound dn

oo

white trail farmed which
dissolves in the water

Figure 12,10 Scciun reacting with water

The sodium floats because it is bess dense than water. It melis because its melting

point is low and a lot of heat is produced by the reaction. Because the hydrogen
isn't given off symmetrically around the ball, the sodium is pushed around the
surface of the water - literally like @ jet-propelied hovercran.

The white trail formed is the sodium bydrovide, which dissolves to make o strongly
alkaline solution, All these metals react with water to produce alkaline metal
hvdrosides. That's why the Group is often called the “alkali metals’,

Lithium
2Li(s) + 2H,0(1) - 2LiOH(aq) + H,(g)

The reaction is very similar to sodium’s reaction, except that it s slower. Lithium's
melting point Is higher and the heat isn't produced so quickly; so the lithium
doesn’t melt.

Potassium
2K(s) + 2H,0(1) — 2KOH(aq) + H {g)

Potassium’s reaction is [aster than sodium's. Enough heat is produced to ignite the
hydrogen. which burns with a lilac Bame, The reaction often ends with the
potassium spitting around.

Rubidivm amnd cacsium

These react even more violently than potassium, and the reaction can be explosive.

Rubidium hydroxide and caesium hydroxide are formed.

As vou gp down the Group, the metals become more reactive,

Strictly speaking. most of the sime the
codium 1S reacting. It s present as malten
sodiwen - not sobd sodivm Wiiting (1) for
the state symbol, though, has the potential
to confuse an examiner, and s probably best
avosded!

The lilac colour 1 due 1o contamiration
of the normally blue hydiogen flame by
potassum compoutds

B aware that if you lock on the internes
for video chips of these metals reacting with
water, some of the most dramatic video
clips you will find have been faked using

exphosives!

The Penodic Tahis

-
-
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You are unikely to need this part of the
reactian for GCSE purposes. It is included
here just for completeness

The outer electron i= shielded or screened
from the full amtraction of the nuclews by all
the inner electrors

In the case of ithium, the owser electron feels
the pull of 3+ charges froem the protans offses
bry 2+ charges from the iner electrons

In the case of sodium, the pull of 11+ charges
15 affeat by the 10- charges from the inner
electroms

Chapter 12: The Penndic Table

Figure 12.12 Fotassum dichramatel W) salurion is
orange because the dichromate’ Vi) ion s arange.

Explaining the increase in reactivity

In all these reactions. the metal atoms are losing electrons and forming metal lons
in solution. For exampde:

Na(s) — Na‘faq) + e

The electrons released by the metal are gained by the water molecules. producing
hydroxide lons and hydrogen gas.

2H,Ofl) + 2e” — 20H(aq) + H,(g)

The differences between the reactions depend in part on how casily the outer
clectron of the metal is lost in cach case. That depends on how strongly it is
attracied to the nucleus in the original atom, Remember that the nucleus of an
atom is positive because it contains protons, and so attracts the negative clectrons,

Ths elecoron - __ Q= This eleczron also
feels a nec P T feels a net
atracrive force Ll Na actracove farce of
of |+ from the 1= fram the
nucleus nucleus butis
further away.
2 inner = 10 irwver —
electron electron

Figure 1211 Electrons of Mthiim and sodium.

In every single atom in this Group, the outer electron will feed an overall attractive
force of 1+ from the nucleus. but the effect of the foree lalls very quickly as
distance increases. The bigger the atom, the more casily the outer dlectron is lost.
Compounds of the alkali metals

All Group T metal ions are colourless. That means that their compounds will be
colourless or white unkess they are combined with a codoured negative ion.
Potassium divhromatel V1) is orunge. for example, because the dichromatel VI ion is
orange. Group 1 compounds are typical ionk solids and are mostly soluble in water.
Summarising the main features of the Group 1 elements

Group 1 clements:

@ aremetals

are soft with melting points and densities which are very low for metals

have 10 be stored out ol contact with air or water

react raphdly with atr to form coatings of the metal oxide

react with water to produce an alkaline sofution of the metal hydroxide and
hydrogen gas

@ increase in reactivity as you go down the Group

® form compounds in which the metal has a 1+ lon

@ have mainly white compounds which dissolve to produce colourless solutions.



1'sing these learures (o predict the properties of francium

If you followed the trends In Group 1, you could predict that: Remember that ranciuen & highly
tadioactive and short-lived. You couldat

@ francium is very soft, with a melting point just above room temperature actually observe arry of these things.
—

@ its density is probably just over 2 g@/cm*®

@ francium will be a silvery metal. but will tarnish almast instantly in air

@ it would react viokently with water to give francium bydroxide and hydrogen
@ francium hydrovide solution will be strongly alkaline

@ francium compounds are white and dissolve in water to give colourkess solutions.

Group 7 - the halogens

The name halogen” means ‘salt-producing’. When they react with metals, these F '
elements produce a wide range of salts, including calcivm fluoride, sodium
chloride, silver bromide and potassium iodide. cl :

nodic Tahle

The halogens are non-metallic elements with diatomic molecules: T, €1, ete. As pangncty
the molecules get larger towards the bottom of the Group. the melting and boiling Br
points increase. Fluorine and chlorine are gases. Bromine is a liquid which turns to ot
vapour very easily. and lodine is a solid.

he P

—_—

Astatine is radicactive and is formed during the radioactive decay of other At
elements. such as uranium and therium. Most of its isotopes are so unstable that ]
their lives can be measured in seconds or fractions of a second. Figure 1213 The halogers

State  Colours
F, |gs | yellow
A, lms  jgoen :
Br, liguid | dark red liquid - red/brown vapour

-
-

|

Chapter 12

,  solid dark grev solid - purple vapour

Table 12.1: The halogens

Notce that in small quannties. chlonne gas s
a faarky yeliowssh green
T

Figure 12.14 Chlonme, bromime and woine Figure 12.15 ladine hos a purple vapour.

Because the halogens are non-metals, they will be poor conductors of heat and
clectricity, When they are solid (for example. odine at room temperature), their
crystals will be brittle,




Safety

Fluorine is so dangerously reactive that vou woulkd never expect to come across it in

a school Lab

Apart from any safety problems due to the reactivity of the dements (especially
Muorine and chlorine), all the elements have extremely poisonous vapours and have

to be handled in o fume cupboard,

Liquid bromine is also very corrosive. and great care has to be taken to keep it off
the skin. It s a good idea 10 have a beaker of dilute sodinm thiosulfate solution
handy whenever you use bromine. This reacts at once with any bromine you might
have got on your skin or the bench, without being particularly harmiful itself.

Reactions with hydrogen

The halogens react with hydrogen to form hydrogen haltdes - hydrogen fluoride,

hyvdrogen chloride, hydrogen bromide and hydrogen iodide. For example:
Notce that you would react hydrogen with

bromine vapour - nat liqusd bromune H(g) + Bf(g) — ZHBr(g)

Vo vill B more chou the agidicr The hydrogen halides are all steamy. acidic, poisonous gases. In common with all

|(,-':‘;|~_.;.|_:,'.:-:'._—.;>.,;:,I::,- rl,;; ,.: ;‘,rn..,‘ll.',;::.;,‘:’:,“.‘ in the compouncds formed between the .'.ulln',:..‘ns and non-metals, the Sases are

Chapeer 9, pages 77-78 covalently bonded. They are very soluble in water, reacting with it to produce
solutions of acids. For example. hydrochloric acd is a solution of hydrogen chloride

I waler

I'he reactivity lalls quickly as vou go down the Group

Halogen  Reaction with hydrogen

F, violent explasion. even in the cold and dark

Cl, violent explasion if exposed to o lame or to sunlight

Br, mild explogion il a bromine vapour/hvdrogen mixture is exposed to
a flame

I partial reaction 10 orm hydrogen jodide it jodine vapour is heared

contipuously with hydrogen

Table 12.2: Reactans between halogens and hydrogen
The reaction between sodium and chlorine

Sodium burns in chlorine with its typical orange flame to produce white solid
sodium chloride

2Nafs) + Cl (g) — 2Naci(s)

Sodivm chloride is, of course, an ionic solid. Typically, when the halogens read

»

with metals lrom Groups 1 and 2. they form jons,

It s useful to look at this from the point of view of the sodium and of the chlorine

separately by investigating the fonde equation for the reaction.

Figure 12.16 Sodiuen burnwsg in chivnine fo
proguce sodivm chlonick




lass of electrons = OXIDATION If you aren't sure abowt lome equabions ar
owudation and reduction, you should read

Wafs) ¢ Cl(g) w— 2Na(s) * 20 (s) pages 61-63 in Chapter B
e

gain of electroms = REDUCTION
Figure 12.17 7he reactian betwaen sodiam and chiarine.

The sodium has lost electrons and so has been oxidised to sodium lons. That means Cl

chlorine &s acting as an oxidising agent. That is typiead of the reactions of chlorine. '

[1 is a strong oxidising agent. Reactivity
Br fals

Displacement reactions involving the halogens

Just as you can use the reactivity senies of metals to make sense of their |
displacement reactions, so you can also use a corresponding reactivity series for the Figure 12.18 Reactivity series for the halogers.
halogens.

Reacting chlorine with potassium bromide or potassium iodide solutions We shall concentiate on the thres commonly :;E
used halogens, b the trend contmues far u

I you add chlorine solution 1o colourless pofassium bromide solution, the solution the rest of the Group. .
becomes orange as bromine Is formed. — 2
)

2KBr{aq) + Cl {aq) — ZKCl(aq) + Br {aq) o
i

-
-

The more reactive chlorine has displaced the less reactive bromine from potassium
bromide.

Similarly. adding chlorine solution 1o potassium iodide solution gives a dark reddish-
brown solution of iodine. If an excess of chlorine s used. you may get a dark grey
previpitate of iodine.

2Ki{aq) + Cl(aq) — 2KCl(aq) + | (aq or's)

Inn cach case, the chlorine is acting as an oxidising agent.

Chapter 12

lass of electrans = OXIDATION Figure 1219 Bramine and rodine daplaced from
r ’ potassham bomide and poltasiim lodide solutions
2Br(ag) + ClI an) e 2C1 (2]} + Br (aq)

gain of vlecerons = REDUCTION

loss of electrans = OXIDATION

Ulag) + Cliiaq) e~ 2CI2q) + | {ag or 3)

gain of elecrrons * REDUCTION
Figure 12.20 The mactian betwarn chiorine and potassum bramide (Top) or potassium iodide (below)

These are all redox reactions, The potagsium fons are spectator ions, The reaction
would be the same with any soluble bromide or indide.
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Figure 12.21 Brovmine disploces wdie from
potassiam odde solition

Warning! Thes argument falls down il you
try o include fluonne Fluonne atoms don’,
It fact, sccept electrons more readily than
chlorine atorrs do - for reasons which

are beyond GCSE The greatel reactivity

of fluorive has 1o be explaned Ina more
complicated way. However, there have been
cises in the past where some examiners

at GCSE have asked students to compare
fluonne and chlotine. If that happens, you
will have 1o use the explanation described
e - even though it would be wiong!

The reaction ol bromine with potassium iodide solution

In exactly the same way, the more reactive bromine displaces the kess reactive
lodine from potassium lodide solution.

Adding bromine solution {‘bromine water’) to colouriess potassium iodide solution
gives a dark reddish-brown solution of iodine (or a dark grey previpitate if an
excess of bromine is added ).

2Ki(aq) + Br(aq) — 2KBr{aq) + | (aq ors)

The ionike equation shows bromine acting os an oXidising agent.

loss of electrans = OXIDATION

Afag) + Br faq) s 2Br(ag) ¢ | (ag or 35)

gain of elecrrons = REDUCTION
Figure 1222 The reaction between bromine solution and potassim iodide sofition

Explaining the trend in the reactivity of the halogens
As vou go down the Group, the oxidising ability of the halogens falls,
When a halogen oxidises something, it does so by removing electrons from 1.

Each halogen has the ability to oxidise the ions of those underneath it in the Group,
but not those above it. Chilorine can remove electrons from bromide or iodide ons,
and bromine can remove clectrons from iodide ions,

Chlorire is a strong oxidising agent because its atomms readily artract an exira
electron 10 make chloride ions. Bromine is less successiul ar atiracting electrons,
and iodine is less successful still,

You have to consider the amount of attraction the incoming electron feels from the
nuckws. [n chlorine, there are 17 positively charged protons ofiset by the 10
negatively charged clectrons in the inner energy levels {shells). That means the new
electron feels an overall pull of 7+ from the centre of the atom,

A similar argument with bromine shows that the new clectron also feels an overall
pull from the nucleus of 74, but in the bromine case, it is lurther away,

The Incoming—___ T 4

dectron feedsa - .&m‘

netanracive  C) feels a nec

force of 7¢ from aractive farce

the nucleus - @ of 7+ from dee

~ @ muxcleus butis
further away

10 inner fromc
electrons

Flgure 12.23 Companng chlonne and bromime.

The incoming clectron is further and further from the nucleus as you go down
the Group. and o it is less strongly attracted, That means the ion is less casily
formed — and that. in turn, means that the elements set bess reactive as you go
down the Group.



Summarising the main features of the Group 7 elements
Group 7 clements:

® have dintomic molecules. X,

@ @ from grses 1o Hguid to solid as you go down the Group

® huve coloured polsonous vapours

@ form ionic salts with metals and covakent compounds with non-metals
@ become less reactive towards the bottom of the Group

@ arc oxidising agents with oxidising ability decreasing down the Group

@ will displice edements lower down the Group from their salts.

Transition metals

[ ]

S5 Ti V Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo|Tc Ru Rh Pd Ag Cd
LasHi T W Re Os Ir | Pr|Au Hg
| Acs

Figure 12.24 The transilion evemenis

These are all typically metallic clements. They are good conductors of heat and
electricity. workable, strong. and mostly with high densitics. With the exception
of liguid mercury. Hg. they have mdting points which range from fairly high to
very high.

They are much less reactive than the metals in Groups | and 2, and so they don't
it s rapidly with air or warer.

Bevause of ther useful physical properties and relative lack of reactivity, several of
the transition elements are important in everyday life. You will find examples of
uses of fron in Chapter 17.

Transition metals form coloured compounds

The majority of transition metal compounds are coloured. Figures 12.25 and
12.26 show examples, both in and out of the lab.

Transition metals and their compounds are often useful catalysts
Examples vou will come across elsewhere in this book include:

@ iron in the manulacture of ammonia

@ vinadium(V) oxdde. V.0 in the manoBcture of sulfurke ackd

® manganese(IV) oxide, Mn(),, in the decomposition of hydrogen peroxide.

The bokd type in Figure 12.24 simply picks
ouwt come of the more famibar ansiwon
elemments. This table laaves out the mner
tranation ekements. because you are unhksly
to come across them in the lab The red dots
in the table show where they <hould be. See
page 726 for the full Fenode Table
o

Figure 12.25 Solutions of same comman tanstian
metal compounds

W

Figure 12.26 Weathering on the copper-covered
spire of Tnas cathedral

he Penodic Tabie
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You should now be able to:

know that in the modern Periodic Table, the 100 or so elements are arranged in order of their
atomic (proton) numbers

understand the use of the terms group, period and transition element (metal)
decide whether an element is a metal or a non-metal from its position in the Periodic Table

know the main differences between metals and non-metals - particularly with regard to electrical
conductivity and the acid-base behaviour of their oxides

know that the Group 0 elements are generally unreactive gases, and be able to explain that lack of
<
describe and explain the reactions of the Group 1 metals with water

know that reactivity increases as you go down Group 1, and be able to explain that increase in
reactivity
know that compounds of the Group 1 metals are normally white (or colouriess) soluble solids

know the trends in physical properties for the Group 7 elements (the halogens), and the
precautions that have to be taken when using them

describe and explain the reactions of the halogens with hydrogen, and in displacement reactions
involving other members of the Group

know that the halogens become less reactive as you go down the Group, and be able to explain
that fall in reactivity for chlorine, bromine and iodine

know that the transition elements are typical metals and are less reactive than Group 1 metals

know that the transition elements form coloured compounds and that the metals or their
compounds may act as catalysts.

Questions

You will need to use the Periodic Table on page 226. d) Name the two dements which are likely to have the

1 Answer the questions which follow usdng only the elements in greatest number of coloured compounds:

this list: e) Name (I} the most resctive metal, (i) the least reactive

caesium, chlonne, molybdenum, nean, nickel, nitrogen, dievent

strontium, tin. 2 This question concems the chemistry of the elements L, Na,
a) Namean e twhich is K, Rb and Cs on the extreme left-hand side of the Penodic
Table. In each case, you should name the substances

(i) ingroup 2 represented by letters.
(i) in the same penod as silicon a) Aisthe least dense of all metals,
(i) in the same group & phosphorus, b) When metal B is dropped onto water i1 melts into a small

ball and rushes around the surface. A gas, C, is given off
and this bums with a liac flame. A white trail dissolves
into the water to make a solution of D.

b) How many elactrors are there in the outer levels of atoms
of (i) strontium, (i) chlonne, (ill) nitrogen?

¢} Divide the list of elements at the beginning of the

e o ctale srd nerTmetds’ c) When metal E & heated in a green gas F it bumns with an

orange flame and leaves a white solid product G.



d) Write equations for:
(i) the reaction af B with water
(i1} the reaction between Eand F.

e) What would you expect to see if solution D was tested
with red and blue litmus paper?

f) Explain why B melts inte a small ball when it is dropped
onlo water,

This question is about astatine, At, at the bottam of Group 7
of the Periodic Table. Astatine is radicactive, and extremely
rare. You are asked to make some predictions about astatine
and its chemistry.

a) Showing anly the auter electrons, draw dots-and-crasses
diagrams ta showy the arrangement of electrons in an
astatine atom, an astatide ion and an astatine molecule,

b) What physical state would you expect sstatine 1o be in at
roam lemperature?

¢) Would you expect astatine to be more or less reactive
than iodine?

d) Describe hydrogen astatide, and suggest a likely pH for a
reasonably concentrated solution of it in vater

e} What waould you expect caesium astatide to look lke? Will
it be soluble in water? Explain your reasoning,

f) Write an ionic equation for the reaction that will occur if
you add chionne water to a solution of sodium astatide.
Assume that astatine & insoluble in water. Explain clearly
why this reaction would be counted as a redox reaction.

Predict any live properties of the element palladium, Pa
(aromic number 46), or its compounds, The properties can be
either physical or chemical,

Explain as fully as you can why:
a) neon is an unreactive monatomic gas
b) potissium is mare resctive than sodium

¢} chlorine displaces bramine from potassium bramide
salution.

In this question you will be given some information about
three elements. You should say, with reasons, where you
might expect to find them in the Periodic Table. You can
choose between:

Group 1 or 2 elemnent
transition element
Group 7 element
noble gas.

a) Element A
melting peint (*C) -2
builing paint ("C) =108

density at 0°C {g/em’) { 0,0059
reaction wnh chianne | none
reaction vath oxygen | none

reaction with sodium  none
b) Element B

B melts a1 1890°C and s a good conducior of electriaty, It
has no reacticn with cold water, but will react with chlorine
on heating. It reacts very slawly with dilute hydrochlane acid
and dilute sulfuric acid. Compounds of B are highly coloured
- including blue, green, purple, orange and yellow.

c) Element C o
melting point (C) 850
bailing paint °C} 1487 0
reaction wath cold water  steady production of ,—

hydrogen
reaction wath dilute very Vigorous reaction =
hydrochloric acid producing hydrogen and & o2
colourless solution
reaction with oxygen burns to give a white solid

Suppose you were given a sample of a solid element and
were asked to do some simple tests on it ta find out whether
it was @ metal o @ non-metd, You can assume that you have
all the normal equipment and chemical available in a school
lab, as well as the means to mesure melting points up o
about 1000°C.

Draw up a table like this:

Test Observation
1 appearance

2

3
3

Chapter 12

Suggest three more tests that you might do, and record all
your {imaginary} findings in the ‘Observation’ column. As a
result of these findings, decide (with reasons) whether the
element is a metal or non-metal.

(Hint: keep it simple! Decide whether you want your element
10 be a metal or 3 non-metsl, and then make up results that
all point that vasy. Your results do not have 1o correspand to
any real element.)




Chapter 13: Flectrolysis

The photograph shows what happens
if you connect a solution of potassium
fodide into a simple electrical cireuit.

If you lock at what is happening in
the solution, you can see obvious signs
of chemical change. Some coloured
substance is being produced at the
positive carbon electrode, and a gas

is being given off at the negative
electrode.

This chapter explores the effect of
electricity on chemical compounds in
the lab. Examples of applications of
this in industry will be found in later

chapters. /

For the reasan why metals conduct
electnory, see Chapter 4 (page 24). For the
reason why graphite conducts electricity, see
Chapeer 4 (page 29 The carbon rods used
are eszentially made up of very, very tiny
graphite crystak.

Figume 131 Aart of an dectne creuit invabang the electrolyss of potassum lodide solation,

Some important background
The conduction of electricity by metals and carbon

In a metal or carbon, chactricity is simply o flow of clectrons. The movemnent of the
electrons doesn't produce any chemical change in the metal or the carbor,

Metals and carbon comtain mobile ebectrons, and it is these that move. That's
equally true even for a lguid megal suck as mercury. In an elecirical cireult, you
can think of o battery or a power pack as an ‘electron pump’, pushing the electrons
through the vartous bits of metal or carbon,

Passing electricity through compounds - electrolysis

Hardly any solid compounds conduct electricity. On the other and, a kot of
compounds will conduct electricity when they are molten or when they are
dissolved in water. All of these show signs of o chemical reaction widle they are
conducting.

Detining electrolysis

Electrolysis is a chemical change crused by passing an electric current through a
compound which is either molten or in solution.

The reason that some compounds undergo electrolysis will be explored in the rest
of this chapter.

Some other important words

An electrolyie is a substance that undergoes electrolysis, Electrolytes all contain
jons. The movement of the ions is responsible for both the conduction of electricity
and the chemical changes that take place. Covalent compounds are not
electrolytes, because they don't contain lons,

In a solid ekectrolyte, the jons aren't free to move. and so nothing happens.



The electricity is passed into and out of the electrolyte via two electrodes, Carbon
is lreguently used lor electrodes because it conducts electricity and is chemically
fairly inert. Platinum is also Grirly inert and can be used instead of carbon. Various
other metals are sometimes vsed as well.

The pasitive electrode is called the anode. The negative electrode is called the
cathode.

The electrolysis of molten compounds
Electrolysing molten lead(ll) bromide, PbBr,

DT power supply
O bv & |
carban ™ bulb
clectrodes
pyrex dizh = = lead(l)
or crucible 4 . bromide
heat

Figure 132 Eiectralysing moften fead{il) bramide.

Nothing at all happens until the lead(11) bromide melts. Then:
@ the bulb lights up, showing that electrons are lowing through it

@ there is bubbling around the electrode (the anode) connected 1o the positive
terminal of the power source as brown bromine gias is given off

@ nothing seems to be happening at the electrode (the cathode) connacted to the
negative terminal of the power source, but afterwards metallic lead is found
underneath it

® when vou stop heating and the lead(11) bromide solidifics again, everyvthing stops
—there is no more bubbling and the bulb goes out,

Explaining what is happening

Leadi11) bromide is an ionic compound. The solid consists of a giant structure of
lead(1T} ions and bromide ions packed regularly in a crystal lattice. It doesn't have
any mobile ckectrons, and the fons are locked tightly in the lattice and aren't free 1o
move. The solid lead( D) bromide doesn’t conduct electricity.

As soon as the solid medts, the ions do become free 1o move around, and it is this
movesment that enables the dectrons 1o flow in the external drouit. This is bow it
works . .,

As soom as you connect the power source, it pumps any mobile electrons away from
the lefi-hand electrode towards the right-hand one (Figure 13.4). At the moment.
the lead(Il) bromide is still solid.

Remember PANC - positive anode, negative
cathode.

The power supply can be 2 6 volt battery or
a powel pack. 1t doesnt matter which. The
voltage 8n't very clitical eithe

cathode

Figure 13.3 What happers when the fvad(l))
Eramvde meles {the buie alse lighrs up)

direcoan of elecoron flow

®

salbd lead(|l) bromide

Figure 12,4 The buld-up of charges on the
electrodes

tolvas

Elec

-
.
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Electrolysis

Chapter 13

In Figures 135 and 13,6, the lead(ll) 1ons and
bramide 1ors are drawn much bigger than
the rematns of the atoens in the electrode
{the green, positively charged circles, which
represant the nuclel and the non-mabile
clectrars) This is so that it is easor to see

whatis happening

The excess ol electrons on the right-hand electrode makes it negatively charged.
The lefi-hand electrode is positively chrarged because it is short of electrons. There
i« limit 1o how many extra electrons the pump’ can squeeze into the negative
electrode because of the repulsion by the electrons already there,

Things change when the lead| 1) bromide melts, and the ions become free to move.

o newralise the
lead( 1) lons

Figure 13.5 The reaction of the cathode

The positive leadi 1) jors are attracted 1o the cathode. When they get there. each
lead (Il ion picks up two electrons lrom the elecirode and forms reviral bead atoms,
These fall 1o the bottom of the container as molten lead,

Pb¥(l) + Ze" — Pb(l)
This leaves spaces in the dectrode that more electrons can move into. The power
source pumps new electrons slong the wire 1o Bl those spaces.,
Bromide ions are attracted to the positive anode. When they get there. the extra
electron which makes the bromide ion negatively charged moves onto the electrode
because this electrode is short of clectrons,

The loss of the extra electron turns cach bromide ion into a bromine atom, These
join in pairs to make bromine molecules, Overall;

2Br(l) = Br(g) + 2e

Flgure 12.6 The reaction ar the anode

The new elecirons on the electrode are pumped away by the power source to help
1l the spaces being created at the cathode. Because electrons are Howing in the
external circudt, the bulb lights up.



Elevtrons cam How in the external circuit becaose of the chemical changes 1o the
ions arriving af the electrodes, We sy that the jons are discharged at the
electrodes. Discharging an ion simply means thar it loses its charge — either giving
up electronis) 1o the electrode or receiving electronts) from it

Elecirolysis and redox

If you look back at the electrode equations on the previous page. you will see that
the lead(Ll) ions gain electrons at the cathode. Gain of dectrons is reduction, The
lead( Ll ions are reduced to lead atoms,

The bromide ions lose electrons ar the anode. Loss of electrons s oxidation.
Bromide lons are oxidised 10 bromine molkecules.

The electrolysis of other molten substances

In each case, the positive lons are attractad to the negative cathode. where they are
discharged by gaining electrons. Positive lons are known as cations because they
are attracted to the cathade. The negative ions mosve to the anode, where they are

discharged by giving electrons to the electrode. Negative tons are known as anfons.

Not all ionic compounds can be electrolysed molten. Some break up into simpler
substances before their melting point. For example, coppertll) carbonate breaks
into copperill) oxide and carbon dioxide, even on gentle beating,. 1t is impossible to
melt it.

(her iottic compounds have such high melting points that it isn't possible to melt
them in the Lab, although it can be done industrially, For example, it is difficult 1o
keep sodivm chloride molten in the Lab becanse its melting point is 801 °C, If you
could keep it molten you would get sodium ot the cithode and chlorine at the
anvode, Sodivm is manubrciured by electrolysing molten sodinm chloride.

At the cathode: Na'(l) » e - Na(l) molten sodium is produced
At the anode: 2CH{1) - Cl(g) » 2e=  chlorine gas is produced

The electrolysis of aqueous solutions

The electrolysis of sodium chloride solution

You might have thought vou would get the same products if vou electrolysed
sodium chloride solution as if vou electrolysed it molten, You would be wrong!
Although chlorine is formed at the anode as you might expect. hydrogen is
produced at the cathode rather than sodivm, The hydrogen af the cathode is
coming from the water,

Water is a very weak electrolyte. [t ionises very slightly to give hydrogen ions and
hydroxide fons.

H,0(1) = H'{aq) + OH {aq)

Whenever you have water present, you have to consider these ions as well as the
ions in the compound you are electrolysing.

Remember. OIL RIG.

Remmember that the cathode is negative and
that a cation is attracied to it - so must be

positive

The revorsble sgn shaws that as weter
molocudes break up to form hydrogen
lars and hydroxsde was, these ions are
meombning to make water agan

Electrolysis

-
-
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The reazon you don't appear to get as much
chlorine as you do ydrogen s that chlonne
ts lightly soluble, and some of it dissolyes in
the waser thas is present

For positrve jons, the lower an slement isin
the reactivity serses, the more easity it will
accept an electron

Because the hypdrogen ions are discharged,
they can no fanger react with the hydroxide
1ons and reform water The lonsaton of the
witer BEcomes & ONne-way process

You may find an alternative way of looking
at this cathode reacton, starming from simple
neutral water molecules, which can be
thought of as taking electrors directly from
the cathode:

2H,00l) + 2 = H (g) + 20H (aq)
Whichever method you use, it s a
simplificanion How the reacton happens
almost cerainly depends on the pH of the
solution Thisis too complicated to worry
about &t GCSE, and so we simplify it, Either
method i fine for exam purposes
RO

Il the sodiurn chlonde solution 15 dilute, you
get naticeable amounts of ovygen produced
as well as chlonne This comes from the
discharge of the hydroxide ions:

A0H {aq) — 2H Ofl) + O,(g] + 4=

A simple apparatus for electrolyslng solutlons

chlorine
colects

salution

batery
Figure 13.7 A simple apparatus for electralysing salutioms.

At the cathode

The solution contains Na*laqg) and H*(aqg). and these are both attracted to the
negative cathode. The H*lag) gets discharged becausg it is much easier to persuade
a hydrogen ton to accept an electron than it is a sodium lon. Each hydrogen atom
formed combines with another one to make a lndrogen molecule.

2H-(aq) + 2e — H,(g)

Remember that the hydrogen ions come from water molecules splitting up. Each
time a water molecule iomises, it also produces o hydroxide ion, There is a build up
of these in the solution around the cathode.

wmlwmmm
h'nuhdw)

These are dscharged as
tydrogen atans

H,O(1) =t H*(aq) + OH-(aq)
The water keeps
on ioni Th-nnbdd-wdmmm

the solution arcund the cachade

Figure 13.8 The process of efectrolysing solutions

These hydroxide ions make the solution strongly alkaline in the region around the
cathode. Because of the presence of the sodium ions attracted 1o the cathode. vou
can think of the electrolysis as also forming sodium hydroxide solution.

At the anode

Chtag) and OH (aq) are bothe artracted by the positive anode, The hydroxide iorn is
stightly easier to discharge than the chloride jon is. but there isn’t that much
difference. There are far, Gar more chloride lons present In the solution, and so it s
manly these that are discharged.

2Cl{ag) = Clfg) + 2e



The electrolysis of some other solutions using carbon electrodes
How to work out what will happen

@ Il the metal is high in the reactivity series, vou get hydrogen produced instead of
the metal,

@ [i the metal is below hydrogen i the reactivity serles, you get the metal
produced.

@ If you have reasonably concentrated solutions of halides (chlorides, bromides or
todides ), you get the halogen ¢chlorine, bromine or iedine). With other common

negative lons, you g2et oxygen,
This leaves the problem of what you get if you have & moderately reactive metal ALGOSE you probably wont have to wony
such as zine for example. Ressonably concentrated solutions will give vou the about this. The examples you will meet in
metal, Very dilute solutions will give you mainly hydrogen. In between. you will exams are aways clear-cut.
E——
get both.
The table shows some simple examples of these rules.
Product  Equation Product Equation

Electrolysis

Kliag) hydrogen  2H'(ag) + 2e - Hig) | iodine 20Mag) — Ltag) + 2¢

Malifoq) hydroen | 2W(ag + 26 > Hg) | bromine | 2br(ag) - B fag) + 2
H,Sﬂ.laq.b hydrogen  2H'lag) + 2e° < Ho(g)  oxygen | 40H (ag) - 2H,(l(ll +O(g) + 4c
CusO fagq) | copper Co™tag) + 2e— Culst oxygen  40H gl — 2H .00 + O (g) + 4e

-
.
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Table 13.1: The electrokysis of wiutions wing carbon electrodes

The electrolysis of copper(11) sulfate solution using carbon electrodes

The copperiIl) lons and hydrogen tons {from the water | will be attracted to the
cathode. Copper Is bedow bydrogen in the reactivity series, which means that iis lon
ks easter 1o discharge. The carbon electrode will get coated with brown copper.

Cu**(aq) = 2e” — Cu(s)

Sulfate tons and hydroxide lons (from the water) will be atiracted to the anode.
Suliate fons are very stable and aren’t discharged. Instead, you get oxyvaen from the
discharge of hydroxide fons from the water.

You may find an alternative way of looking

- at this anode reaction. just as there s at the
SRt =28 (0 1 0 0 Ao cathode. The eqoauonl:’hvs tme is;
It is interesting to think about what would happen if you continued with the 2H O = Og) + 4H'(aq) + de
electrolysis for a long time. The copperyIl) ions will eventually all be used up, andso A before. how the reaction happens almost
the colour of the solution will fade from blue to colourless. certainby depends on the pH of the solution.

and is 100 complicated to worry about &t
What is left in the solution? Hydrogen ions from the water aren’t being dischorged GCSE, and w0 we smpbfy it. Either method is
and neither are the sulfate ions, The solutions turns into dilute sulfuric acd, The fine for exam purposes
electrolysis will then continue as for dilute sulluric acid (see below ), T—
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Thes ts the resuls of Avogadio’s bw See
Chapenr 23 {page 189) if you are interested

There are cases, of course, where it is
impaossible to test the substance in this way.
It wies mentioned above that coppe(|l)
carbanate cant be electralysed malten
because it decompases before meltung It
isrit saluble in water evther. So you can'l test
it, despite the fact that it doss contain ions

=

The electrolysis of dilute sulfuric acid using carbon electrodes
In this case. the only positive lons arriving at the cathode are hvdrogen lons (from
the acid and the water). These are discharged 1o give hydrogen gas.

2H"(aq) + 2e° — H,(g)

At the anode - just as with copper(1l) sulfante solution — sulfate ions and hydroxide
tons (from the water) arrive. The sulfxte ions are too stable to be discharged, and so
vou get oxygen from discharge of hydroxide ions from the water.

40H (aq) — 2H O(l) + O (g) + 4e
oxygen ——+ | | ———tydrogen collects
cofects ~ twice the volme
F- - aof the oxygen
A | |
sutfuric | f
add

Figure 13.9 The efectralyus of difute sulfims and usng carbon olectrodes

Twice as much hydrogen is produced as oxyyen,

Look at the equations above, For every four éectrons that low around the circuit.
vou would get one molecule of oxygen, But four electrons would produce two
molecules of hydrogen.

You get twice the number of molecules of hydrogen as of oxygen. Twice the
number of molecules ovcupy twice the volume.

What would happen with non-electrolytes?

1If you have understood the last few pages, you will realise that for electrolysis to
work. there have to be ions present. The current in the external circuit (with the
bulb and power sourcet can flow only if there are ions which can move and be
discharged.

I your tried 10 electrolyse a covalent compound (either molten or in solution), there
wouldn't be a current fow, because there aren't any ions, Nothing else would
happen either. Sugar, for example, is a non-electrolvie — it doesn’t undergo
electrolysis. 1t won't conduct electricity, and won't be decomposed by it — either in
solution or when molien,

Simple experiments like those described in this chapter give you an easy way of
finding out whether a substance is ionke or not. If it undergoes electrolysis, either
molten or in sodution. it must contain fons. If it doesn’t undergo electrolysis. it
doesn’t contain ions.
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You should now be able to:

understand that the flow of electricity in metals and carbon is due to movement of delocalised
(mobile) electrons, and that there is no chemical change involved
understand what is meant by electrolysis, electrolyte, non-electrolyte, electrode, anade, cathode

know that electricity is conducted through electrolytes {(molten or in solution) by the movement
and discharge of ions

know the products of electrolysis of simple molten electrolytes like lead(ll} bromide, explaining
the electrolysis with the help of electrode equations

describe and explain the electrolysis of aqueous solutions such as sodium chloride, copperill)
sulfate and dilute sulfuric acid, including electrode equations

deduce the products of electrolysis of other aqueous solutions in simple cases
~ describe a simple experiment to find out whether a substance is an electrolyte ora

non-electrolyte.

You will find calculations involving electrolysis on pages 196-201.

Questions

1 Say what is formed at the cathode and at the anode during

the electrolysis of the following substances. Assume that
carbon electrodes were used each time. You don't need to
write electrode equations.

a) molten lead(ll) bromide

b) molten zinc chloride

¢) sodium iodide solution

d) molten sodium iodide

€} copperill) chloride solution
P dilute hydrechloric acid

g) magnesium sulfate solution
h) sodiuvm hydroxide solution.

Some salid potassium iodide was placed in an evaparating
basin, Two carboh electrodes were inseried and connected to
# 12 walt DC power source and a light bulb, The potissium
iodide was heated. As soon s the potassium lodide was
melten, the bulb came on, Purple fumes were seen coming
from the positive electrode, and lilac flashes were seen
around the negative one.

a) Explain why the bulb didn't come on until the potassium
rodide melted.

b) What name is given to the positive electrode?

¢} Name the purple fumes seen at the positive slectrode,
and write the electrode equation for their formation,

d) The lilac flashes seen around the negative electrode are
caused by the potassium which is formed, The potassium
bums with a lilac flame. Write the electrode equation for
the formation of the potassium.

e) ‘What differences waould you expect ta observe if you used
molten sodium bramide instead of potassium iodide?

f) Write the electrode equations for the reactions occurring
during the electrolysis of molten sodium bromide.

Far each af the following electrolytes (i) write the cathode
equation, (i) write the anode equation, (ili) say what has
been axidised and what has been reduced

a) molten lead(ll) bromide using carbon electrodes
b) sodium chloride solution using carbon electrodes
¢} calcium bromide solution wing carbon electrodes
d) copper(ll) sulfate solution using carbon electrades
e) aluminium nitrate solution using carbon electrodes
f) molten magnesium iodide using carbon electrodes
g) dilute hydrochlone acid using carbon electrodes.

4 You are asked to find out whether twa compounds, Sand T,

are electrolytes or non-electrolytes. S melts at 1267 °C and is
soluble in water T melts at 2657°C and is insoluble in water
Describe, vath the aid of diagrams, how you would find out if
each of these substances was an electrolyte or a non-
electrolyte. In each case, say what you woukd look for to help
you ta decide

Electrolysis

-
-

Chapter 13
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Section B: Some Essential Backgroq nd ? ' -

Chapter 14: Introducing Energy Changes in Reactions

Some chemical reactions produce
heat. Others need to be heated
constantly to make them occur at all.
This chapter explores some examples
of both kinds of reaction.

Figure 143 The burning of hydrogen ix used in
axy-fydogen adling aquipment undarwaler

/

Exothermic and endothermic changes

Exothermic reactions

11 is common expericnce that o lot of chemical reactions give oul energy in the
form of heat. A reaction that gives out heat is said (o be exothermic.

Combustion reactions

Any reaction that produces a lame must be exothermic. Burning things produces
hieat encrgy.

Figure 14.1 8urming fue! produces enough energy Figure 14.2 The flane stack ot on od refinery s o

o kaurch a rocket safefy dewvice. If a process goes wrong {for sample,
if pressares ged toa ivgh), reactants and products
can be sent to the flare stack, where they burn off

safedy

You will be Temiliar with testing for hydrogen by lighting it and getting a squeaky
pop. That Is an obvious sign of energy being released — an exothermic change. This
can be harnessed In oxy-adrogen cutting equipment, which can be used
underwater.

2H (g) + O,(g) — 2H,0(1)
Apart [rom burning, other simple exothermic changes include:
® the reactions of metals with acids
® neutralisation reactions

o adding water to caldlum oxide.



The reactions of metals with acids

For example. when magnesium reacts with dilute sulfuric acid, the mixture gets
Very warm.

Mgls) + H,50,(aq) -+ MgSO {aq) + H (g)

Neutralisatton reactlons

About the only imteresting thing that you can observe happening when sodium
hyvdroxide solution reacts with dilute hydrochloric acid is that the temperature
rises!

NaOH(aq) + HCl(aq) — NaCl(aq) + H,0(l)

Addirg water to calcium oxide

1 you add water to solid calcium oxide, the heat produced is enough to boil the
water and produce steam. Caletum hydroxide is produced.

Ca0fs) + H,0{l) — Ca{OH),(s)

Showing an exothermic change on an encrgy disgram

Inam exothermic reaction, the reactants have move energy than the products. As
the reaction happens, energy is givenr out in the form of heant, That energy warms
up both the reaction fsell and the surrcundings.

reacTants
bear
g evolved
products
progress of the reaction

Flgure 14.4 An cxothermic change

You can measure the amount of heat energy released. It is given the symbol AH,

AF s given a minus or a plus sign to show whether heat is being given out or
absorbed by the reaction, You alwiays look a1 it from the point of view of the
substances taking part. For an exothermic reaction, A s giver o negutive tmamber,
because the reactants are kning energy as heat, That heat s transferred to the
surroundings, which ther get warmer. AF ks measured i unbts of k] mol !

1 ‘kilojoules per mole').

In an equation, this would be shown as, for example:
Mg(s) + H,SO {aq) — MgSO (aq) + H {(g) AH = -466.9k mol”’

This means that 466.9%] of heat is given out when one mole of magnesium reacts
in this way. You know it has been given out because AH has a negative sign.

This reaction is described in detail n Chapter
9 (pag=72)
A

(pages 74-75)

You can read about this reaction in Chapaer 9 I
—

Calcium coade is known a5 quicklime
Adding water to it is descnbed as slakdng it
The calcism hydroxide produced is known as
slaked lime.

——

Remember that in a chermacal reacnion the
1eactanss are the chermicals you start with
N7

AM s proncunced delta H. The Gresk letter
A is used to rmean change in. AH mears
change i heat’. The mole is a partscula
guantity of & substance You can read sbout
itin chapter 22, but you probably dont eed
Lo wany about it at the moment In the use

of magnesium, 1 mote weighs 24.3g
N

Introducing Energy Changes in Reacbons
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Group 1 carbonates (apart from hthium
carbanate] won't decompose at the
tempentures you can reach with a Bursen
burner (abows 1000°C)

Chapter 14: introducing Energy Changes in Re.

Flgure 145 Capper(ll) carbonate turas black an
hoating

Flpure 146 Umegtane buing heated (0 a lime Ailp
to produce quickiime {calaium caude)

Again, dan't wany il you don't understand
the units ol AH it isn't important for now

Endothermic reactions

A reaction that absorbs energy is said 1o be endothermic. The cnergy absorbed
may be in the form of light, heat taken from the surroundings, or electrical energy
For the purposes of this course, we are only considering encrgy being absorbed in
the form of heat.

The effect of beat on carbonates

These are simple examples of endothermic reactions. You have to heat a carbonate
constantly to make it react.

Most carbonates split up to give the metal oxide and carbon dioxide when you heat
them. This is o good example of thermal decomposition - breaking something
up by heating it.

For example. copperiLl) carbonate is a green powder which decomposes ot heating
to produce black coppentll) oxide.

CuCO,(s) — CuO(s) » CO,(g)

Zin¢ carbonate is a white powder which decomposes on heating to give zince oxide,
which is vellow when it is hot, but turns back to white on cooling.

ZnCO,(s) — ZnO(s) + CO (g)

Calcium carbonate doesn’t decompose unless it is beated at guite high
temperatures, This is a commerdally important reaction because it is used 1o
convert limestone (calcium carbonate) into quicklime (calcium oxide)

CaCo,(s) — Ca0(s) « CO (g)

Showing an endothermic change on an energy diagram

produce

heat
ilxsorked

energy

reacants

progress of the reaction
Figure 147 An endothermic change.

In an endothermic change. the products have more energy than the reactants.
That extra energy has to come from somewhere, and it 1s taken from the
surroundings. In the case of the decomposition of the carbonates. it comes from
the Bunsen burner, or the fuel in the lime kiln.

Bevause the reactants are gainimg energy. AH is given a positive sign.,
For example
CaCo0 (s) — CaO(s) « CO,(g) AH = +178k} mol"’

This means that it needs 178K] of heat energy to convert T mole of calcium
carbonate {in this case 100 g1 into calclum oxide and carbon dioxide.



Why do reactions either give out or absorb heat?

During chemical reactions, bonds in the reactants have to be broken, and new ones
formed to make the products. Breaking bonds needs energy, and energy is released
when new bonds are made.

Think about what happens when hydrogen burns in oxygen to make water,
2H,(g) » O,(g) — 2H,0(1)

. 0 o9

bands are broken in the new bonds are
hydrogen and axypen made in water
Figure 148 Hydrogen darming in axygen o make water

Enery has to be supplied to break the bonds in the hydrogen molecukes and in the
oxypen molecule, Energy is released when new bonds are formed between the
hydrogen and oxygen atoms in the water molecules,

In this particular reaction, you get much more energy refeased when the new
bonds are formed than was used to break the original ones. This surplus energy Is
given out as heat during the reaction — an exothermic change.

When you heat calcium carbonate, breaking up the original bonds in the
compound costs more energy than you get out when the new ones are made. That
means that when the reaction is linished. more energy has been absorbed than is
rdeased again - an endothermic change.

You will find caleulations involving energy clumges covered in Chapier 23,

If you want to be really accurate about

this, the water would cnginally be forrmed

as stearn. Heat is also given out when the
steam conderses 1o form liquid water. This
i due 1o wetting up attiactive forces between
the molecules in liguid water. Sesting up
attractions ahaays rebuses enet gy whatever
kind of attiactons you are wlking about.

Introducing Enengy Changes in Reactions
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ucing Energy Changes in Reactinns

Introd

Chapter 14

End of Chapter Checklist

oA

You should now be able to:

understand the meaning of the terms exothermic and endothermic, and give examples of reactions

of each type

understand simple energy diagrams showing the relative energies of reactants and products
know that energy is needed to break bonds and is released when bonds are made.

Questions

1 a

b)

b)

Explain what is meant by an exothermic reaction, and
write balanced equations for any two exothermic cl
(apart from the combustion of heptane given in part (b).
Heptane, CH_,, is a hydrocarbon found in petrol, The
equation for the combustion of heptane is:

CH, (1) + 110, — 7O (g) + BH O)
AH = -4817K) mol '

Draw a simple energy diagram to show the combustion of
heptane. Show clearly how the figure of -4E17 fits onto
your diagram,

Explain in terms of breaking and making bonds why this
reaction is exothermic.

Explain what is meant by an endothermic reaction, and
write balanced equations for any two endothermic
changes {apart from the photosynthesis reaction given in
part {b).

Phatosynthesis involves the conversion of carbon dioxde
and water into carbohydrates such as glucose, CH, O,
and oxygen, in the presence of sunlight and chlerophyll,

6CO (g) « 6H,0(1) — C,H. O, (ag) + 60 {g)
AH = +2820k mol’

Dravw a simple energy disgram 1o show the process of
photosynthesls, Show clearly bow the figure of +2820 fits
onto your diagram.

3 Classify each of the following changes as exothermic or

endothermic. In same cases, you will have to rely on your
previous knowlfedge of chemistry. Several reactions are likely
to be entirely new to you.

a) The reaction between sodium and water,
b) Buming ethanal,

c) The reaction between sodium carbonate and ethanoic
acid. A thermometer placed in the reaction mixture shows
a temperature drop.

d) Sis) + O.ig) - SO (g) AM = - 297K mol’
€) CuSOs) — Culls) +SO,fg)  AH = +220k)mol

f) 1Fyou dissohve solid sodium hydroxide in water, the
solution gets very hot.

Sell-heating cans are used 1o provide warm food in situations
where it is inconvenient 1o use a mare conventional form of
heat. By doing an internet {or ather) search, find cut how
sedf-heating cans work, Write a shoret explanation of your
findings (not excerding 200 wards). You should include
equation(s) for any reaction(s) involved, and a diagram or
picture if it is useful,



e Essential Background Chemistry

Chapter 15: Introducing Reversible Reactions

Reversibility and dynamic equilibria
Two simple reversible reactions
Heatng, copper(11) sulfiate crystals

If you heat blue coppert 11 sullate crvstals gently, the blue crystals turn to o white
powder and water is driven ofl Heating, cousges the crvsatals to lose their water of
crystallisation. and white anhydrous copper(ll) sullate is formed. Anhydrous’
simply means ‘without water’,

CuSO, 5H,0(s) — CuSO,s) + 5H,0(1)

Anbdrous coppertll) sulfate is used fo test for the presence of water, [l you add
waler 1o the white solid, it turns blue — and also gets very warm. See Figure 11,11
Ipsige 93).

The original change has been exactly reversed. Even the heat that you put in
originally has been given out again.

CuSO,(s) = 5H_O(I) — CusO,-5H Ofs)
Heating ammonium chloride

If you heat ammoenium chleride. the white crystals disappear from the bottom of
the tube and reappear lurther up, Heating ammonivm chloride splits it into the
colourless gases ammonia and hydrogen chiloride,

NH Cl{s) — NH (g) + HCl(g)
These gases recombine further up the tube, where it is cooler.
NH,(g) » HClg) — NH CI(s)

The reaction reverses when the conditions are changed from hot 1o cool,

Reversible reactions under ‘closed’ conditions

Closed' conditions means that no substances are added to the reaction mixture and no
substances escape from it, On the other hand, hea may be gither given ofl or absorbad,

Imagine a substance that can exist in two forms - one of which we'll represent by a
blue square and the other by & vellow one. Suppase you start ofT with a sample
which is entirely blue.

blue squares in a some of the biue squares
chosed system have tumed yellow

Figure 153 8l squares corverting to yaliow ones

This chapter explores the idea of
‘reversibility’ in a reaction, and how
you can control such reactions in

order to get as much as possible of
what you want. /

/

Figure 15.1 Copper(l} suifate crystals ane splt mto
anhypdrous copper(If) sulfate and water on gentle
Peating

Figure 15.2 Heatryg ammenwam chionde.

g Reversibie Keactions
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Suppose you started with 64 blue squares,
and in any second these was a one in laur
chance of each of thern changing colour. In
the first second. 16 woukd change colour,
leaving 48 blue squares. In the next second,
a quarter of thess change colour - but thats
only 12, l=aving 36 blue ones. In the third
second, ine would change colour - and w0
on. The rate of change falls s the rumbet of
blue squares falks.

Because you are starting with a kigh concentration of blue squares, at the
beginning of the reaction the rate af which they turn yellow will be relatively high
in terms of the number of sguares changing colour per second. The number
changing colour per second (the rate of change) will fall as the blue gradually gets
used up,

But the yellow squares can also change back o blue ones again — it is a reversible
reaction. At the start, there aren’t any vellow squares, so the rate of change from
vellow into blue is zero. As their number increases. the rate at which yellow change
to blue also increases.

blue rate falls

saon the rates
E Lecotme equal

-
w

time
Figure 15.4 The rates of both reactions devome sgual

Soon the rates of both reactions become equal. At that point, blue ones are
changing into yellow ones at exactly the same rate that yellow ones are
turning blue.

Wha would you see in the resction misture when that happens? The total
mumbers of BMue squares and of yellow squares would remadn constant, but the
reaction woukd still be going on. Il you followed the Erte of any one particular
square. sometimes it would be BMue and sometimes yellow,

changes happening as time passes
Figure 15.5 The reaction contimues, but rotal numbers of blue and yellow saares rernain constant.

This is an example of a dynamic equilibrium. [1 is dyrmonic in the sense that the
reactions are still continuing. It is an eguilibrivim in the sense that the total amounts
of the various things present are now constant,

Notice that you can set up a dynamic equilibrivm only if the system is closed. I, for
exzsimple, you removed the yellow ones as soon as they were formed, they would
never get the chiance 1o tarn blue again. What was o reversible reaction will now
an entirely in one direction as Mue sguares turn yellow without being replaced,



Writing equations for reactions in dynamic equilibrium

Taking a general case where A and B react reversibly to give C and D: L
The reason for wsing ‘28" will become

A+2B=C+D obicus later on when we look ot the effect
1 ol } il o ) of pressure on the reaction
The special two-way arrows show a reversible reaction in o state of dynamic ————

equilibrium, The reaction between A and B (the lel-to-right reaction) is described
us the forward reaction. The reaction between C and D (the right-to-eft reaction)
is culled the back reaction.

Manipulating reversible reactions

If your aim in lile was fo produce substance Cin the last equation as elficiently as
possible, you might not be 100 pleased it it kept reacting back to produce A and B
all the time,

This section looks at what can be done to alter the position of equilibriom so as
to produce as much as possible of what you want in the equilibrium mixture.
‘Position of equilibrium’ iz just a reference 1o the proportions of the various things
in the equilibrium mixiure.

If, lor example, the equilibrivm mixture contains o high proportion of C and D, we
would say that the ‘position of equilibrium lies towards C and 1D, or the *position of
equilibrium lies to the right'.

Le Charrelier's principle

If a dynamic equilibrivm is disturbed by changing the conditions, the Important! Le Chatelier's principle s no

reaction moves to counteract the change. more than a useful rule-of-thumb to help
you to decide what hagpens il variows

This is o vsetul guide to what happens il you change the conditions in o system in conditions are changed. It is not the reason
dynamic equilibrium, It is essentially a ‘Taw of chemical cussedness' The reaction why the reaction respands in that way
sets about counteracting any changes you make, "

Things we might try to do to influence the reaction Include:

® increasing or decreasing the concentrations of substances present
@ changing the pressure

@ changing the temperaiure

@ adding a catalyst (in fact, this turns out 1o have o ellect on the position of

equilibrium),
Adding and removing substances
add more A
A+ 2B = C+D

| ‘s

reaction removes the extra A
by turning ig e C and D

Figure 15.6 Adding more of substance A

If you add maore A, the system responds by removing it again. That produces more
C and D — which s what you probably want. You might choose to Increase the
amount of A i it was essential to convert as much B as possible into products -
becawse it was expensive, for example.

: Introducing Reversibie Keactians
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Figure 158 Pressune i caused by malecules hitting

the walls of thor contamer - the more molerules,
The grealer The pressue.

IFyou aren't happy about this, you ought
to read Chapter 14 before you go on. In a
reversible reaction, the value of AR quoted
alwarys applies to the forward reaction as
wiitten in the equation. The value of AX

16 given as if the reaction wits & one-way
process

Alternatively, if yvou remove C as soon as it is lormed, the reaction will respond by
replacing it again by reacting more A and B, Removing a substance as soon as it is
formed is & useful way of moving the position of equilibrium to generate more

products,
more A and B reace to replace
the C you have remaved

¥

A+2B e C+D

remave C
Figure 15.7 Remowng substance C o3 soor as il is formed

Changing the pressure

This only really applies to gas reactions. and where the total number of molecules
on both sides of the equation are different. In our example, there are three
molecules on the ledt, but only two on the right.

Alg) + 2B(g) == C(g) + D(g)

Pressure is caused by modecules hitting the walls of their container. If you have
fewer molecules in the same volume at the same temperature, you will bave o lower

pressure.

According 1o Le Chatelier's principle, il you increase the pressure. the reaction will
respond by reducing it again. It can reduce the pressure by producing fewer
molecules 1o kit the walls of the comtainer — in this case by creating more C and 1),
Increasing the pressure will always help the reaction go in the direction which
produces the smaller number of molecules,

1f there are the same number of molecules on both sides of the equation, changing
the pressure will make no difference to the position of equilibrium.

Changing the temperature

Suppose the forward reaction is exothermic. This is shown in an equation by writing
a negative sign in front of the quantity of heat energy. For example:

A+2B=C+D AH = =100 k) mol™
The back reaction would be endothermic by exactly the same amount.

Suppose you changed the conditions by decreasing the temperature of the
equilibrium - for example, if the reaction was oniginally in equilibrium at 300°C,
vou lower the temperature to 100°C. The reaction will respond in such o way as to
increase the temperature again, How can it do that?

I more C and D is produced, more heat s given out because of the exotbermic
change. That extra heat which is produced will warm the reaction mixture up
agath —as Le Chatelier suggests, Inn other words, decreasing the temperature will
canse more Cand D 1o be formed,

Increasing the temperature will kave exactly the opposite cifect. The reaction wall

move to get rid of the extra heat by ahsorbing it in an endothermic change. This
time the back reaction is favoured,



Adding a catalyst

Adding a catalyst speeds up reactions. In a reversible change, it speeds up the
forward and back reactions by the same proportion. For example, if it speads up the
forward reaction ten times, it speeds up the back reaction ten times as well.

The net effect of this is that there is mo change in the position of equilibrivm if you
add a catalyst, The catalyst is added to increase the rate at which equilibrium is
reached. You will find examples of this in practice in the industrial exomples in
Chapter 16,

A simple example to illustrate Le Chatelier’s principle

Nitrogen dioxide, N0, is a dark brown, poisonous gas, [t can join up in pairs
Idimerise) to make molecules of dinitrogen tetroxide, N 0, which is colourless,
There is o dvmamic equilibrium between the two lorms:

INOfg)==N,0(g) AH = -57kmol"
brown  colourless

The effect of pressure

If you increase the pressure, the equilibrium will move to reduce it again by
producing fewer molevules. In other words. it will produce more dinitrogen
tetroxide,

If you lower the pressure, the equilibrivm will move (e increase it again by
producing more molecules. Therefore vou will get a higher proportion of the brown
mitrogen dioxide in the equilibrium misture,

The effect of temperature

Notice from the equation that the change lrom nitrogen dioxide to dinitrogen
tetroxide is exothermic. The negative sign for AT shows that heat is given out by the
forward reaction.

If you decrease the temperature, the equilibrivin will move 10 produce more heat 10
counteract the change you huve made, In other words, a1 a lower tempersture
there will be more diritrogen tetroxide in the equilibrium mixture, and the colour
will Lade.

If you increase the temperature. the equilibriom will move to lower it again by
fovouring the endothermic change. In other words, more nitrogen dioxide will be
formed and the colour of the gas will darken.

You can see this happening in Figure 15,9, OF the three tubes containing this
equilibrium mixture, one is ot lab temperature, one is in ice. and one is in hot

ater. Notice that the kot one is very dark brown and therelore contains a high
proportion of mitrogen dioxide,

The one in the e s slightly paler than the one in the air. showing that it must
fve a slightly greater proportion of the colourless dinlirogen tetroxide.

Warning! You have to be very careful

here about predicting exactly what colou
changes you would see i you increase the
prescure, for example. you squesze the same
number of molecules into a smalker spuce
and s0 the colour will darken initialty. Then it
fades & bt us the aquilibiivm re-establishes

= but not to its ariginal colour The gases are
<till cormpressed

At the time of witing, there were some
excellent video chips on www.youtube.

com showng thes reacton. Visit the page

of links for this chapter on the website
accompanying this book for up-to-date hnks,

Figure 15.9 Tubes containmg the NO N O,
equilibraam ar differen tempeatunes

eversibie Keactions
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End of Chapter Checklist

/

You should now be able to:

Reactions

-

Questions

1 a) State Le Chatelier’s principle.

b) At room temperature, nitrogen dioxide gas consists of a
dynamic eguilibrium involving nitrogen dioxide and
dinitrogen letroxide,
2NO,(g) =N, 0.(8)

(i) Explain what is meant by the term dynamic
eguilibrium. Be sure that you have explained what
both of the words mean.

(i) Predict the effect of an increase in pressure on the
propoctions of the two gases present in the
aquilibrium mixture. Explain your answer,

dducing Reversib

Chapter 15: inm

(i) The forward reaction (the conversion of nitrogen
dioxide into dinitrogen tetroxide) is exothermic.
Predict the effect of lowenng the temperature of the
mixture on the proportions of the two gases present.
Explain your answer.

2 Hydrogen can be made by the reaction between methane
(natural gas) and steam. The reaction can be carried out by
passing a mixture of methane and steam over a nickel catalyst
al pressures between 2 and 20 atmospheres and a
temperature af about 1000°C,

CH,(g) + H,0lg) = CO(g) + 3H[g)  AH = +210k mol”

a) The pressure used is relatively love. What would be the
effect an the conversion of the methane into carbon
monaoxide and hydrogen if the pressure was higher?

b) Explain why a high temperature is used in order 1o get a
good conversion of methane inta hydrogen,

¢) A catalyst has no effect on the proportions of the

substances present in an equilibrium mixture. What, then,
is the point of using a nickel catalyst?

d) The equation shows the methane and steamina 1-1 ratio.
Explain why an excess of steamn might be used in the

pracess,

understand what is meant by a reversible reaction using simple examples such as the effect of heat
on copper{ll) sulfate crystals or ammonium chloride

understand that a reversible reaction in a closed system can reach a state of dynamic equilibrium

using Le Chatelier's principle, predict what happens to the position of equilibrium if you add or
subtract substances, change the temperature, or change the pressure

know that a catalyst has no effect on the position of equilibrium.

3 Theindicator litmus is @ weak acid - it only ionises partially in

solution. It is & complicated molecule containing a hydrogen
atom which can break free to form an ion. In the equation,
Lit represents the rest of the molecule.

Hut{aq) = H'(ag) + Ut (<)
In litmus solution there is & dynamic equilibnum invalving

the HUt molecules and the two lons Because Ntmus s a weak
atid, the pasition of equilibrium lies well to the left.

HUt molecules are red and Lit ions are blue. Explain why
litmus:

a) turns red when you add an acid [a source of H (ag)] to it

b) tums blue when you add an alkali [a source of OH {aq))
100t

Ammonia, NM,, is manufactured by passing a mixture of
nitrogen and Iydrogen over an iron catalyst at a pressure of
200 atmospheres or more, and a temperature of 450°C,

N,fg) + 3H fg) » 2NH (g)  AH = -92k mol”

a) Explain why this reaction vall produce a higher
percentage conversion into ammonia if the pressure is
very high.

b) 700 atmospheres is a high pressure, but not very high,
Can you think of any reason(s) why most ammonia
manufacturers don't use a pressure of, say, 1000
atmospheres?

c) Use Le Chateliers principle to work out whether you
would get the best yleld of ammania in the equikbnum
mixture at & low or a high temperature.

d) The temperature used, 4507C, is neither very high nor
very low. Can you suggest why a manufacturer might
choose a temperature which gawe less than an ideal
percentage comversion? {Hint: think about rates of
reaction.)



End of Section B Questions

You may need to refer to the Periodic Table on page 226 3. Sodium chloride solution was electrolysed using the

1. This question is about copper(ll) sulfate solution, which apparatus in the diagram.

¢) An excess of zinc powder was added 1o some copper(If)
sulfate solution and the mixture was shaken thoroughly. A
displacernent reaction occurred. The ionic equation for
the reaction s

contains Cu'(aq) and SO, (aq) lons. g3 A ( s B
a) The presence of the sulfate ions can be shown by adding
dilute hydrochloric acid and barium chiloride solution to
produce a white precipitate.
i] Name the white precipitate cancencrated = < L
( e sadium chioride | o whe
(1t} Write the tonic equation for its farmation {2 marks) salution
b) Describe a test that would show the presence of the
copper{ll) ions in the solution. {2 marks) €arbon —e——_—
eclecrodes

Znds) + Cu™(aq) — Zn"(aq) + Culs) i F--1l

(i) Describe two changes that you would expect to see battery

c?uring e rechion. ' . e a) Name: (i) gas A, (ii) gas B. {2 marks)

(E';}p":‘:':l:; J:;:J;‘:::- in the reaction has been (mgs:f;h] £ i eyt wosdd) et o 1 g A i B ‘
{4 marks}

d) Copper can also be produced fram copperlll) sulfate by

electrolysic c) Suppase the sodium chlaride solution was replaced by

patassium jodide solution, What differences would you
(i) Atwhich electrode is the copper produced? observe (If any) at: (i) the pagtive electrode, (i) the

(i} Write the equation for the reaction taking place af the negative electrode? (3 marks)

electrods. d) The same apparatus was used to electrolyse another
solution, C. A brown solid was formed on the negative

i) What type of reaction is occurring at this electrode? : 2
(i) P & electrode, and an arange solution around the positive

4
Explain your answer. {4 marks) one. Suggest a possible identity for solution C. {2 marks)
Total 12 marks Total 11 marks
2. This question is about salts, 4. a) Chlonne was bubbled through a solution of potassium

a) What would you add to dilute hydrochlonc acid to make iodide

h of the followi 71 ” hetl : e : .
3?;_:'53; deit a?:;g%; ?Jhrsl. n zo‘eitc'f;;ase SHy eI PO (i} Balance the ionic equation for the reaction involved:

(i) copperill} chlorige Cl{g) + Haq) » Cl{aq) + 1{5)

(i) sodium chioride (i) Describe what you would expect to s2e happen in the
solution.

Sy or
Wy LEitves: Chicecie {3 iy {it) Describe the function of the chionne in the reaction

b) Potssium sulfste is produced when dilute sulfuric acid vath the iodide ions. (5 marks)
rescts with potsssium hydraxide selution

2KOH(ag) + H,50 faq) — K SO faq) « 2H,0()

Given solutions of potassium hydroxade and dilute sulfuric
acid, an indicator and suitable titration apparatus,
describe how you would make a pure, neutral solution of
potassum sulfate by a titration method. You should name
the indicator you would choose to use, and state any
important calowr change(s) {6 marks)

Total 9 marks
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b) Samples of a very pale green solution, G, were tested as
follows:

A sample of solution was A white precipltate (H)
acidified with dilute nitrie wass formed

acid and silver nitrate

solution was added.

A small amount of A dark green precipitate
sodium hydraxide (1) was formed.

solution was added to a

sample of G.

Chlorine was bubbled The pale green solution
through a sample of G. turned yellow (solution )).
A small amount of An orange-brown
sodium hydroxide precipitate (K) was
solution was added to formed.

solution J.

(1) Use the results from the first two tests to identify
solution G.

(ii} Identify precipitates | and .
(i) Suggest the identity of solution J,
(iv) Write an ionic equation for the formation of |.
{6 marks)
Total 11 marks

5. Mendeleev produced the first Periodic Table by arranging the

elements in order of their atomic mass. When argon was
discovered, its atomic mass turned out to be slightly higher
than that of potassium. In this instance, Mendeleev reversed
the usual order in the Periodic Table,

Group© Group 1 Group2  Group 0 Groupl Group 2
Ne Na Mg Ne Na Mg
Ar K Ca K Ar Ca

a) State ane physical property of potassium that suggests
that it should be in the same Group as sodium rather than

with neon. {1 mark)
b) Give any one chemical property of potassium that is
similar to that of sodium. Say what the potassium reacts
with, and what is formed. Write the balanced equation for
the reaction. {4 marks)

¢) (i) Draw dots-and-crosses diagrams 1o show the
electronic structures of sodium and potssium atoms,

(i) What happens to these structures when sedium ar
potassium reacts ta form compounds?

(i) Explain why potassium is more reactive than sodium.
{6 marks)

7.

d) Argon is chemically unreactive and its molecules are
monatomic. What is a monatomic molecule? Explain why
argon's modecules are monatomic. (3 marksj

Total 14 marks

Reactions can be described as (among other things)
neutralisaton, precipitation, redox, thermal decompesition.
Decide which of these types of reaction each of the follawing
equations represents.

a) Znfs) + CuOis) — ZnOfs) + Cufs) (1 markj
b) ZnCO [} — ZnOfs) + CO (g} (1 mark)

€) ZnCO[s) + H SO, {aq} — ZnSO,(aq) + CO (g + H.O()

(1 mark}

d) Zn"{aq) « CO,"{aq) ~» ZnCO.[s) (7 mark}
) Znls) + Pb™{aq) — Zn*(ax)) + Pb(s) (7 markj
(f) Znls) + ZHCl(aq) — ZnCl (ag) « H (g) (1 mark}
Total 6 marks

At temperatures above 150°C, brown nitrogen diaxide gas
dissoclates (splits up reversibly) into colourless nitrogen
monaoxide and oxygen

2NO,(g) = 2NOfg) + O (g) AH = +114Kmal '

a) Explain what is meant by the symbol AH, and the
significance of it having a positive value. {2 marks)
b} Predict what would happen 1o the proportion of the
nitrogen dioxde splitting up if you:
{i} increase the temperature
(i) increase the pressure. {2 marks}
¢) Nitrogen monaoxide is formed when mixtures of nitrogen
and oxygen gasas are subjected to an electric spark. This
happens in petral engines, where a spark is used to ignite
a petrol/air mixture. The nitrogen monaxide converts into
nitrogen dioxade in the atmasphere by the reverse of the
reaction abave. The nitragen dioxide then dissalves in
water.

{i} Write a balanced equation for the formation of
nitrogen manoxide from nitrogen and oxygen, (7 mark)

(i) Narme the environmental problem that this overall
process gives rive to, and give a consequence of the
problem. {2 marks)

{iii) Name another gas which also contributes to this
problem. (1 mark)

Total 8 marks



Figure 16.1 The chemmcal industry s farge and
ofterr messy

Figure 16.2 . . but s products fing ther way mito
almag every aspect of modem life

The manufacture and uses of ammonia
The Haber process

The Haber provess takes mitrogen from the air and hydrogen produced from natural
gas, and combines them into ammonia. NH.,

N,(g) * 3H,(5) = 2NH(g)

The raw materials:

AH = -92 k) mol-"

nitrogen from the air)
hydrogen (made from natural gas)

The proportions: 1 volume of nitrogen o 3 volumes of hydrogen

The temperature; 4350

The pressure: 200 atmospheres

The catalyst: iron

Each time the gases pass through the reaction vessdd, only about 13% of the
nitrogen and hydrogen combine 1o make ammonia, The reaction mixture is cooled
and the ammonia condenses as a liquid. The unrescted nitrogen and hydrogen can
simply be recycled through the reactor.

nicrogen
from dhe air J
nitrogen and bydragen 2::“ |
-

1:3 by volume ‘ 5 |
Iron catalyst

hydrogen unreacred

made fram natural guJ z’“‘;
recyciec gases are cooled and

ammani tns 1o tgukd ~——

Fquid amonia
Figure 163 A flow scheme for the Haber process

This chapter looks at the
manufacture of some important
inorganic chemicals, putting into
practice ideas that you have already
come across in lab-based chemistry.

/

Remember that the negative ugn for AH
shows that the reaction s excthermc

The reacton to produce the hydiogen from
natural gas (which is manly meshane) is
comphcated. You will ind the first stags

of the process in Q2 an page 130. Further
reactions are then needed to separate the
hydrogen from the carbon mononde
Hydiogen can also be obtained by cacking
other hydrocarbons bigger than methane
Cracking & explined on pages 166-167
1Fyou are asked inan exam for the raw
material that the hydrogen is oblaimed from,
Lay natural gas’, not methane

The actual pressure vanes in dfferent
manufacturing plants, but 5 ahways very high

c

Chemical

Manufacturing

Chapter 1




Don't try 1o read any further unlese you are The reason for the proportions of nitrogen and hydrogen

happy about equilibng and Le Chatelier's
principle from Chapter 15 Equation proportions are used: 1 of nitrogen 1o 2 of hydrogen. An excess of either

—_— ' would clutter the reaction vessel with molecules which wouldn't have anything to
react with.

The reason for the temperature

According to Le Chantelier's principde, the forward reaction (an exothermic change)
would be Gvoured by a low temperature, but the temperature used, 450°C, isn't a
low temperature.

If the temperature was genuindy low:. the reaction would be so slow that it would
take @ very long time 1o produce much ammonia, 450°C is o compromisc
temperature. producing a reasonable vield of ammonia reasonably quickly:

i

’
el

MK

The reason for the pressure

e

There are 4 gas molecules on the lefi-hand side of the equation, but only 2 on the
right-hand skie.

N,(g) + 3H (g) = 2NH (g)

A reaction that produces fewer gaseous molecules is favoured by a high pressure.
A high pressure would also produce a fast reaction rate because the molecules are
brought closely together.

vanufactunng Ch

-\
LAY

The 200 atmospheres actually used is high. but not very high. This is another
compromise. Generating high pressures and building the vessels and pipes to
contain them is very expensive, Pressures much higher than 200 atmospheres
cost more 1o generate than vou would get back in the value of the extra
ammaonmia produced.

Chapter 16

The catalyst

The iron catalyst speeds the reaction up. but has no effect on the proportion of
ammonia in the equilibrium mixture. I§ the catalyst wasn't used. the reaction
would be so slow that virtually no ammonia would be producad.

Uses of ammonia

[ makarg tercilisers
Bl g niti acid
- makirg mylon
- ather uses

Figure 16.5 Uses of ammoma.

A high proportion of ammonia is used 10 make fertilisers. Most of the aummoia

Figure 16.4 Most of the ammonia produced ends used to make nitric acid eventually ends up in fertilisers as well.
up an fertifisers




The manufacture and uses of sulfuric acid
The Contact Process

At the heart of this process is a reversible reaction in which sulfor dioxide is
converted 1o sulfur trioxide, but first you kave 1o produce sulfur dioxide,

Stage 1: making sulfur dioxide

Either burn sulfur in air:
S(s) + 0,(g) — SO.{g)
or heat sulfide ores strongly in air:
4FeS (s) + 110,(g) — 2Fe, 0 (s) + 8S0(g)

Stage 2: Making sulfur triovide

Now the sulfur dioxide is converted into sulfur trioxkle using an excess of alr from
the previous processes.

250,(g) + 0,(g) = 250 (g) AH = <196K) mol”’
450°C

- 1-2aem

V,0; catalyse

l

further reactions
Figure 16.6 Suifir daaxide 15 convertad info sulfur tricde.

An excess of oxygen is used in this reaction, becauvse it is important to make sure as
much sulfur dioxide as possible is converted into sulfur trioxide. Having sulfur
dioxide left over at the end of the reaction is wasteful. and could cause possibly
dangerous pollution.

Bevause the forward reaction is exothermic, 1here would be o higher percentage
conversion of sullur dioxide into sullur trioxide at a low temperature. Howeser, at a
low temperature the rate of reaction woulkd be very slow, 430°C is a compromise.
Even so. there is about a 99,.3% conversion.

There are 3 gas molecules on the left-hand side of the equation, but only 2 on the
right. Reactions in which the numbers of gas molecules decrease are favoured by
ligh pressures. In this case, though, the converston is so good at low pressures that
it tsn’t economically worthwhile to use higher ones.

The catalyst, vanadiumi V} oxide, has no effect on the percentage conversion, but
hedps 1o speed up the reaction. Without the catalyst. the reaction would be
extremely slow:

FeS, & pyrite of iron pyrites. You will find 4
photograph of some crystals of pyrite in
Chapter 17 (page 139).

Notice that the forward reaction is an
exothermic change.

You will need to be familiar with equilibria
aned Le Chateliers principle from Chapter 15
1o rmake serse of this

Chapter 16: Manufaciu
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Chapter 16

Flgure 16.7 A selectian of detargents fram the
author’s kitchen and bathroom, aif ¥sted as
comtaining sulfates or suifonates

If you hawen's done any electralyss recently,
you may need to read pages 115-116
Chapter 13, which descnbe and explain

the electiolyss of sodwrm chlonde sokibon
in the lab. The mdustnal process is &
straightforvard modification of this

The duphiagm is rrade of 4 polous matesal
The solution can seep through it from the
anoede companment into the cathade side.
Novce that there i a higher level of liquid
on the anode side. That makes sure that

thiee flow of Bquid i always from left to nght
- preventing arvy of the sodium hydioxide
solution formed finding It way back 1o
where chlorine i being produced.

Stage 3: Making the suluric acid

In principde, you can react sullur trioxide with water 10 make sulfurte acld. In
practice. this produces an uncontrollable fog of concentrated sulfurie acid. Instead,
the sulfur trioxide is absorbed in concentrated sulfuric acid to give fuming sulfurie
ackd (also called oleum).

H,S0,(I) + SO (g) — H,5,0(1)

This is converted into twice as much concentrated sulfuric acid by careful addition
of waler.

H,5,0,(1) « H,O(1) - 2H 50 (1)

Uses of sulfuric acid

Sulfurde scid has o wide range of uses throughout the chemical industry, The
highest single use ks in making fertilisers (Incloding ammonium sulfate and
‘superphosphate’ — essentlally a mixture of calclum phasphate and calclum sulfate).

1t is also used in the manufacture of detergents and paints, If you look at the list of
ingredients on any industrial or domestic detergents (induding shampoos and
liquid "hand soaps'). and find the words ‘sulfate’ or “sulfonate’, then sulfuric acid
was used in the manufacturing provess. Even those simply labdled as containing
‘amionic surfactants’ almost certainly contain these sorts of ingredients. even il
they don't name them.

In parint manufctore, sulfuric acid is used in extracting the white pigment
titamium dioxide, Ty, from titanium ores,

The chlor-alkali industry

Salt can be extracted from underground deposits by solution mining. Very hot
water under pressure is pumped down into the salt deposits. The salt dissodves and
the solution is pumped back to the surface,

The diaphragm cell

The concentrated salt sodution can be electrolysed 1o produce three useful
chemicals - sodium hydroxide, chlorine and hydrogen, The electrolysis can be
carried out in a diaphragm cell.

chlorine

concentrated
sodium chiaride s
solution

i sodium tydrosade
/ ! zaluton contaminated
tianium diaphragm steed with sodium chloride

anade cathade
Figure 16.8 The industral electrolysis of sodium cilonde wlution



The cell is designed 1o keep the products apart, Il chlorine comes into contact with
sodium hydroxide solution, it reacts 1o marke bleach — a mixture of sodivm chloride
and sodivm chlorate(]) solution. If chlorine comes into contact with hydrogen, it
produces a mixture which would explode violently on exposure to sunlight or hen
1o give hydrogen chloride.
Explaining what's happening
At the titanium anode. chloride ions are discharged to produce chlorine gas.
2CI'(aq) — Cl (g) + 2e°
At the steel cathode, it is too difficult to discharge sodium ions, so hydrogen ions
from the water are discharged instead 10 produce hvdrogen gas.
2H'(ag) + 2e' — H (g)

More and more water keeps splitting up to replace the hydrogen ions as soon as
they are discharged. Each time o water mokecule splits up it prodoces o hydroxide
ion as well. That means that there will be a build-up of sodivm ions and bydroxide
ions in the right-hand compariment - sodinm hydroxide solution is formed,
This is contaminated with unchanged sodivm chloride,

The sodium hydroxide sofution is concentrated by evaporating it. During this
process, most of the sodium chloride crystallises out as solid salt. This can be
separated. redissolved In water and recyeled back through the cell again.

Uses of sodium hydroxide and chlorine
ses of sodium hydroxide include:

® the purification of bauxite to make aluminium oxide Calumina’) as a part of the
manufacture of aluminium (sce page 140) - the alumina industry is the largest
vser of sodium hydroxide in Australia, for example

o paper-making — the sodium hydroxide helps break the wood down into pulp

@ svap-making - sodium hydroxide reacts with animal and vegetable fats and oils
to make compounds, such as sodium stearate, that are present in soap

® making bleach ~ bleach is formed when sodium hydroxide and chlorine react
togethier in the cold; it is a mixture of sodivm chloride and sodivm chboratet)
solution.

2ZNaOH(aq) + Cl {g) — NaCl(aq) + NaOCl{aq) « H,0(l)
Uses of chlorine include:
@ sterilising water to make it safe 1o drink
@ making hydrochloric acid (by controlled reaction with hydrogen)

® making bleach,

This is the most difficult part of this
gxplanation If you aren's happy abous it
mad page 116 whore it 5 explaaned in more
detal

You will 3ko find an alternative way of
looking at the cathode reaction n & margn
note on that page

If you get sodwmn hydraxide on your shan, it
foek saapy That's because it i reacting wath
fats and ok in your skin. tuming you into
saap!

Sodium chiorate(l} is ako known &5 <odum
hypochionte. You may fird its formula
wiitters as either NaGClor NaCKD. There are
logical reasors for bath forms,

Chapter 16: Manufaciu




Chapter 16: Manufactunng Chemicals

End of Chapter Checklist

You should now be able to:

. know the conditions for the Haber process, including recycling the unreacted gases after the

ammonia has been liquefied

.~ know that ammonia is used to make nitric acid and fertilisers
. describe the manufacture of sulfuric acid by the Contact Process
know that sulfuric acid is used in the manufacture of detergents, fertilisers and paints
. describe the manufacture of sodium hydroxide and chlonne using a diaphragm cell, including the

electrode equations

. recall important uses of sodium hydroxide and chlorine.

Questions

1

Describe, including equations and essential conditions, the
production of sulfuric acid starting from sulfur.

The reaction at the centre of the Haber process for the
manufacture of ammonia is:

N (g} + 3H {g) == 2NH fg)  AH = -9Zk mol”

a) What would happen to the percentage of ammonia in the
equilibrium mixture and to the rate of the reaction if you:

(i) increased the temperature
(H) Increased the pressure
(iii) added a catalyst?

b) In the light af your answer to {ii), explain why ammonia
plants wsually operate with pressures of about 200
atmospheres,

¢) State the sources of the nitrogen and the hydrogen used
in the Haber process.

Refer back to the description of the manufacture of sodium
hydroxide and chlorine on pages 136-137.

a) Explain why itis important that the liquid leved in the left-
hand compartment of & diaphragm cell is higher than that
in the right-hand one.

b) Which of the metal electrades is the cathode, and which
the anode?

¢) Sodium chloride solution will contain the following ions:
Na'(aq), Cl'{aq), H'(aq) and OH (aqg).

(i) Write an equation 1o show the source of the
hydrogen and hydraxide ions.

(ii) Which of these four ions are attracted towards the
cathode?

(iii) Which ion is discharged at the cathode?

(iv) Use your answer to parts (i) and (i) to help to explain
the formation of sodium hydraxide solution in the
cathode compartment.

d) Give a use for (i) sodium hydravide solution: (i) chlorine.

a) Given solutions of ammoni and dilute sulfurie acid and
any indicator of your chaolee, describe how you would
make a pure solution of smmaonium sulfate.

b) Design a simple expenment to show that your
ammonium sulfate solution could function as a fertiliser.

S This question & about the manufacture of nitric acid from

ammaonia, and will probably be new to you. Ammonia gas is
mixed with air and passed over a platinum-rhodium catalyst
at about B50"C. The ammonia combines with oxygen in the
air to make nitrogen monoxide and steam,

ANH [g) + 50,/g) — 4NOg) + 6H,0(g)
AH = -906k]mol

a) The catalyst has to be heated at the start of the reaction,
but then no further heating is necessary. Explain why,

b) Platinum and rhodium are very expensive metals, How
can a manufacturer justify the cost of using them as a
catalyst?

¢) On cooling, the nitrogen monoxide reacts with more
oxygen in the air to give nitrogen dioxide, NO_ Write a
balanced equation for this reaction.

d) Nitrogen diaxide is converted inta nitric acid by rewcting
it with water and even more oxygen, Balance the
equation:

H,0(l) « NO,(g) + O,{g) — HNO {aqg)

e) Most nitric acid is turned into ammonum nitrate to be

used as a fertiliser. Find a non-fertiliser use for nitric acid.



C: Large Scale Inorganic Chemistry

Chapter 17: Metals

Extracting metals from their ores This chapter explores the extraction
and uses of two important metals.

Minerals and ores

Most metals are found in the Earth's crust combined with other elements, The
individual compounds are called minerals

Q

Fgure 17.1 Fynite (iron pymees), Fas, Fgure 17.2 Magmtite, Fo O, Figute 17.3 Hoemalile, fe O,

Figures 17.1-17.3 show pure samples of some iron-comaining minerals. but they
are normally found mixed with other unwantaed minerals in rocks. An ore contains
enough of the mineral for | 1o be worthwhile to extract the metal.

The price of a metal is affected by how common the ore is. and how dificult it is to
extract the metal from the ore.

Chapter 17: Metal

A lew very unreactive metals, such as godd, are found native. That means that they
exist naturally as the uncombined element, Silver and copper are also sometimes
found native — although much more rarely.

Extracting the metal

Many ores are either oxides or compounds that are easily converted 1o oxides.
Sulfides like sphalerite (zine Blendel, ZnS, can be easily converted into an oxide by IF you have forgotten about oxidation and

Breating i air — o provess kKnown as roasting. reduction, you mighs find it usefid 1o re-road
Chapter 8

2ZnS(s) + 30,(g) — 2Zn0(s) = 250 (g) ——

To obtain the metal from the oxide, vou Bave 1o remove the oxyger, Removal of
oxygen ks called reduction. Metals exist as positive tons In thedr lonie compouruds,
ard 10 produce the metal you would huwe to add electrons to the positive log,
Additton of electrons is also called reduction.

Methods of extractton and the reactivity series

How' o metal is extracted depends to a large extent on its poasition in the reactivity
series. A manufacturer obviously wants to use the cheapest possible method of
reducing an ore to the metal. There are two main cconomic factors to 1ake into
account:

@ the cost of energy
. Figure 17.4 A part of the reactraty series
® the cost of the reducing agent.




Figure 17.5 Alumumum production needs huge
amalints of expermsve slectrcly

Metals

.
-

Chapter 17

Figure 17.6 Bromze s an alloy of copper and tin

Figure 17.7 Bauwite - essentially impure
alurmimum caide,

For metals up 1o zinc in the reactivity series, the cheapest method of reducing the
ore is often 1o heat it with carbon or carbon monoxide. Carbon is cheap and can
also be used as the source of heat. The extraction of iron is a good exsunple of this.

Ores of metals higher in the reactivity series than zne can't be reduced using
carbon at reasonable temperatures.

Metals above znc are usually produced by electrolysis The metal ions are given
clectrons directly by the cathode. Unlortunately, the large amounts of clectricity
involved make this an expensive process, and so a metal like aluminium is much
more expensive than one like iron,

Some metals, such as titanium, are extracted by besting the compound with a more
reaciive metal, This is also bound to be an expenstve metlud. because the more
reswctive metal Hsell will howve husd to be extractad by an expensive process Hrst,

The reactivity series and the history of metal use

Why was the Bronze Ape before the Iron Age? Why wasn't aluminium discovered
until 18277

Bronze 1s an alloy of copper and tin, both of which are low in the reactivity series.
Both can be made eastly from thedr ores by heating them with carbon. You can
imagine the metals being found accidentally when charcoal (a form of impure
carbon) in a fire came Into contact with stones containing copper or tin ores.

Iron van also be made [rom its ores by heating them with carbon, but higher
temperatures are needed. The iron produced is also more difficult to purify into o
useful form than copper is. Iron therelore wasn't in commeon use until much knter
than bronze.

Because aluminium is above carbor in the reactivity series, it can't be made
accidentally by heating aluminium oxide with carbor, [t has to be exiracted using
electrodysis, and 50 it was impossible 1o get metallic sdumiriom before the discovery
of electricity. This is true of all the metals from aluminiom apwarnds in the
reactivity serdes.

Aluminium
Extraction

Aluminium is the most common metal in the Earth's crust, making up 7,3% by
mass. 11 main ore is bauxite — a clay mineral which vou can think of as impure
aluminium oxide,

The bauxite is first treated to produce pure aluminium oxide. You don't need to
Enow how this is done for GCSE purposes.

Because aluminium is a fairly reactive metal, it has to be extracted using
clectrolysis. Aluminium oxide, however. has a very high melting point, and it isn't
practical to ckectrolyse molten aluminium oxide, Instead, the aluminiuvm oxide is
dissolved in molten cryolite



Cryolite is another aluminium compound that melts at @ more reasonable
temperature, The electrolyvie is a solution of aluminiom oxide in molten cevolite at
atemperature of about TOO0CC,

o an
o g

carbon anodes

soluoion of alumincum
owide in maleen cryalite

carban ining
as cachode

— steel mnk ined with
heat reszant bricks Figure 17.8 The coll room ip an alumvniam plane

molren aluminium collects at the battom

Figure 17.9 A simplifiad wiew of the electralyars ooll

Figure 17.9 shows a very simplified view of the electrolysis cell. The molien If you aren't sure about electiolysis, you
aluminium is sipbioned ofl from time to time. and Iresh aluminium oxide is added ought to read Chapter 13 before you go on |
to the cell. The cell operates at about 5-6 volts, but with currents of up to about —
100,000 amps. The heat generated by the huge current keeps the electrolyte
maodten. The large amounts of electricity neaded are a major expense.

q

The chemistry of the process
Aluminium ions are attracted to the cathode and are reduced to adluminiom by
gaining electrons.

AlF(l) = 3e — AKI)

The molten aluminium produced sinks to the bottom of the cell. Figure 17.10 Alummiun sexsts corrasion, fas a
fow dznsity and s strong

Chapter 17: Metal

The oxade ions are attracted to the anode and lose electrons to form oxygen gas.
2 .
20%(1) = O,(g) « 4e

This creates a problem. Because of the high temperatures, the carbon anodes burn
in the oxygen te lorm carbon dioxide. The anodes have to be replaced regularly, and
this also adds to the expense of the provess,

Uses of aluminium

Pure aluminivm isn't very strong. so aluminium alloys are normally vsed instead Figure 17.17 Alumvnwum has @ shiny appearance,
The aluminium can be strengthened by adding other clements, such as silicon. resists covrasion, has a kow dersity and &5 a good

: conductar of heat
Copper or magnesivm

Figures 1 7.1010 17.12 show some examples of the uses of aluminium.

Aluminium's uses depend on its low deasity and strength (when alloyed ). its ability
to conduct electricity and heat, its appearance. and its ability to resist corrosion.

Aluminium resists corrosion because it has a very thin, but very strong, Liyer of
aluminivm oxide on the surface. This prevents anvihing else getting to the surfice
and reacting with it.

Flgure 17.12 Alumvolam ssts corrasion, has @
fow densty and & a good conducror of ekecmaty
the alumimium i the cables i strengtheneg by a
cove of steed
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An exathermic reaction s one that gves
out heat

Figure 17.14 Moken iron betng topped from a
biast fisrmace.

Iron
Extraction using a blast furnace

ron ore, coke and imestone

hat waste gases hot waste gases

steel lined with
heat-resistant
brick

Ot Air  se—— e hot

blst blast
== malen shg
malten Iran
"~ tap hale for shag

tap hole for Iron - -

Figure 17.13 A blact furnace
The hot waste gases at the top of the lurmace are piped away and vsed to heat the
air blast at the bottom

Coke Is impure carbon, and it burns in the kot alr blast to form carbon dioxide. This
ks a strongly exothermic reaction.

Cls) = O,(g) — CO,(g)

At the high temperatures in the furnace, the carbon dioxide is reduced by more
carbon to give carbon monoxide.

€O, (g) + C(s) — 2CO(g)

1t Is the carbon monoxide which is the main reducing agent in the furnace -
especially in the cooler parts. Assuming that the iron ore is haematite, Fe (0.

Fe,0,(s) + 3CO(g) — 2Fe(l) + 3CO.(g)

The iron melts and flows to the bottom of the irnace. where it can be tapped off.

In the hotter parts of the furnace, some of the iron oxide is also reduced by carbon
itsell

Fe 0.(s) » 3C(s) — 2Fe(l) + 3CO(g)

Notice that carbon monoxide is lormed., rather than carbon dioxide, at these
temperatures,



The limestone is added to the furnace 1o remove impurities in the ore which woukd
otherwise clog the lurnace with solid manterial.

The furnace ks hot enough for the Imestone (calclum carbonate) to undergo
thermal decompaosition. [t splits up into calcium oxide and carbon diexide. This is
an endothrermic reaction (it absorbs heat) and it is important not to add too much
limestone to avok! cooling the furnace.

CaCo, (s) — CaO(s) + CO,(g)

Calvium oxide is a basiv oxide, and its lunction is to react with acldic oxides such as
sillcon dioxide, SH . Sillcon dioxide occurs naturally as guartz, and is typical of the
sort of impurities that need to be removed from the furnace.

CaOfs) + SiO (s) — CaSiO (1)

The product is calcium silicate. This melts and trickles to the bottom of the
furnace as a molten slag, which tloats on top of the molten iron and can be tapped
off separately.

Properties and uses of the different kinds of iron
Cast iron

Modien iron straight from the furnace can be cooled rapidly and solidified by
runming it info sand moulds. This is kinown as pig iron. [ the pig iron is remelted
and cooled under controlled conditions, cast iron is lormed. This is very impure
iron. containing about 4% carbon as it marin impurity.

Cast fron s very tluld when it is molten and doesn’t shrink much when it solidifies,
and that makes it ideal for making castings. Unfortunately, although cast iron is
very hard, it is also very brittle - tending to shatter if it is hit hard. 1t is used f[or
things like manhole covers. guttering and drainpipes, and cvlinder blocks in

CUT CTZInes.

Mild steel

Mild steel 2 iron containing up to sbout 0.23% of carbon. This small scunount of
carbon increases the hardness and strength of the fron, 1t s used for Gemong other
things) wire. nails, car bodies, ship bullding, girders and bridges.

Figure 1716 Mi'd stee' i e for car bodies Figure 17.17. . . and for ample nads - and loes
mare

Thetmal decompastion is sphitting 4
compaund into sempler bits using heat

Calcium ouide is & basc onde, because

It reacts wath aoids 1o foem salts, Calcium
silicate is a salt formed when caloum oxde
and sihcon dioxide react. Silicon dicxide, o
non-metal oxide s therefore described as an
ackde oxide
p g

Figure 17.15 The firt ever iron bndge (ot
fronbndye an the River Severn an the UK} v
mage af cast iron




Figure 1718 A mid steel spade tarnishes - a
stavnless stee ane doeinl

Figure Y7.15 Rusting 15 acoierated by salty water.

Wrought iron

Pure iron is known as wronght fron. It was once used to make decorative gutes
and ratlings, but has now been largely replaced by mild steel. The purity of the iron
makes it very easy to work because it is fairly soft, but the softness and lack of
strength mean that it isn't useful for structural purposes.

High-carbon steel

Highe-carbon steel is iron containing up to 1.53% carbon, Incressing the carbon
content makes the iron harder, but at the same time it gets more brittle. High-
carbon steel s used for cutting teols and masonry nadls, Masonry nalls are destgned
to be hammered into concrete Bocks or brickwork where i mild steel matl would
bend. [T you miss-El a masonry natl, it tends 10 break imo two bits because of lis
Ihcresised brittleness.

Stainkess steel

Stainless steel is an alkoy of iron with chromivm and nickel, Chromium and nickel
form strong oxide layers in the same way as aluminium, and these oxide layers
proect the iron as well, Stainless steed is therelore very resistant 10 corrosion

Obvious uses Include Eitchen sinks, saucepans. knives and forks, and gardening
tools, but there are also magor uses for it in the brewing, dairy and chemical
industries, where corrosion-resistant vessels are essential.

Types of iron Iron mixed with Some uses

wrought iron (pure iron) decorutive work such as gates and
ruilings

mild steel upto 0.25% carbonn | nalls, car bodies. ship butlding,
girders

high<carbon steel  0.25-1.3% carbon cutting tools, masonry nails

cast iron about 4% carbon manhole covers. guttering, engine
blocks

stainless steel chromivm and nickel  cutlery, cooking utensils, kitchen
sinks

Tabde Y7.1: A sumwnary of types of ron

Rusting of iron
Irom rusts in the presence of oxygen and water, Rusting is accelerated in the

presence of electrolyies such as salt,

Warning! Many metals corrode. but it Is only the corroston of iron that is referred

O as rustmg.

The formula of rust is Fe 0 xH,0. where x is a vaniable number, It simply behaves
us a mixture of iron(I1) oxide and water

Forming this from irot is a surprisingly complicated process, The iron loses
electrons 10 form iront 1) ions, Fe?*, which are then oxidised by the air 1o irond 1)

ions, Fe'". Reactions involving the water produce the actual rust.



Preventing rusting by using barriers

The most obvious way of preventing rusting is to keep water and oxyvgen away from
the fron. You can do this by painting i, or coating i in ofl or grease, or covering it
in plastic, but once the coating is broken, the iron will rust. Comting the iron with a
metal below it in the reactivity series (for example, to make tin plate} is just a
barrier method. (mee the layer of tin on the iron is scratched, a tin can, for
example, will rust very quickly.

Preventing rusting by alloying, the iron

We have already seen that alloying the iron with chromium and nickel 1o produce
stainless steel prevents the iron from rusting. Even I the surface 68 scratehed, the
stainless steel still won't rust, Unfortunately, stainless steal is expensive.

Preventing rusting by using sacrifickal metals

Galvanised iron is iron that is coated with o laver of zine. As long as the zine layer
is unscratched, it serves as o barrier 1o air and water. However, the irom still doesn’t
rust. even whien the surface is broken.

Zine s more reactive than tron, and so corrodes instead of the fron. During the
process, the zinc loses electrons 10 form zne ons.

Znis) — Zn*'(aq) + 2¢

Those electrons How into the tron. Any iron atom which has kst electrons to form
an fon immediately regains them. If the iron can’t form ions, It can’t rust.

Zine blocks are attached to metal hulls or keels of boats for the same reason. The
corrosion of the more reactive zine prevents the iron from rusting, Such blocks are
called sacriticial anodes,

Underground pipelines are also protected using sacriflicial anodes. In this case.
sacks containing lumps of magnesium are artached ar intervals along the pipe, The
very reactive magnesium corrodes in preference 10 the tron. The electrons produced
as the magnesium forms its lons prevent the tondsation of the iron,

Figure 17.20 Galvamsed iron doesnt mu ewn in
constant contact with air and watey.

Figure 17.21 A sarificial anode attached to a
boat

Muetals
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Chapter 17: Metsls

End of Chapter Checklist

You should now be able to:

. understand that the method of extraction of a metal, and how long it has been in use, are related

to its position in the reactivity series

. describe and explain (including electrode equations) the extraction of aluminium from purified

aluminium oxide

. describe and explain (including equations) the extraction of iron from iron oxide
. give uses for aluminium and iron, and relate those uses to the properties of the metal
. state the conditions necessary for iron to rust, and explain the various ways of preventing rusting.

Questions

1 Sodium is the sixth most abundant element in the Earths

crust, occurning in large quantities as common salt, NaCl, and
yet sodium metal wasn't first produced until the early
nineteenth century.

a) From your knowledge of the position of sodium in the
resctivity series, suggest a method for manufacturing
sodium from sodium chloride. You aren't expected to give
detalls of the manufacturing process, but should describe
and explain {including equation/s where relevant) how
sodium is formed in your process

b) Explain why sodium wasn't produced until the early
nineteenth century.

¢) Supgzest three other metals which might have been first
isolated from their compounds at the same sort of time.

d) What is branze? Why has bronze been knovn for
thousands of years?

a) Name the ore from which aluminium is extracted.
b) Aluminium is manulactured using electrolysis. Carbon

electrodes are ysed, Describe the nature of the electrolyte,

c) At which electrode is the aluminium produced?

d) Wnite the electrode equation for the formation of the
aluminium. Is this an exampie of cxidation or reduction?

e} Oxygen gas s formed at the other electrode, Explain why
that causes a problem.

) Aluminium allays are used in aircraft construcnon.

(i) What property of aluminium makes it particularly
suitable far this purpose?

() Wiy are aluminium alloys wsed In preference 1o pure
aluminium?

3 The following reactions take place in a blast furnace:

A:C{s) » O,(g} =+ CO.{g) AH = <294 k) mol

8 COfg) + C(s) = 2CO{g) AH = +172k)mol |

C: Fe 0 fs) + 3CO[E) — 2Fel) + 3CO () AH = -4 kmol’

D: CaCQ,ls) — CaOfs) + CO{g) AH = +178k)mol”’

a) Which one of these reactions provides the heat to
maintain the temperature of the furnace?

b) What materials are put into the furnace to provide
sources, of (i) carbon, (i) axygen, (iii) iron(l1l} oxide,
(iv) caleum carbonate?

c) The calcium oaxide produced in reaction D takes part in
the formation of slag. Wnite an equation for the formation
of the slag,

d) Some iron is also produced by reaction between iron(ill)
axide and carbon, Balance the following equation:
Fe,0,(5) + Cls) — Fe{l) + COlg)

a) Castiron or pg iron from the bottom of the blast fumace
contains an important impurity which limits its usefulness.
(i) What is the impurity, and approximately what

percentage ol the cast iron does it make up?

{il) Whar effect does this impurity have on the properties
of cast iran that limits its usefulness?

b) Describe the composition of stainless steel, and explain
why it resists cormosion. State one use for stainless steel.

c) Car boudies used 10 be made from mild steel, which was
then painted, In more recent cars, the mild stesd is
grlvishised before it is painted

() What is meant by galvanised steef?

(ii) Describe and explain the effect that galvanisad steel
has on the life of the car.



End of Section C Questions

You may need to refer to the Periodic Table on page 226,

1. fron is produced In & blast furnsce by the reduction of its ore,

haematite (Fe O ),
a) What do you understand by the term ‘reduction’? {1 mark)
(T mark)

¢} The main heat source in the furnace is provided by
burning coke In aky,

Cls) + Ofg) = CO{g)

What name is given Lo a reaction which produces heat?
(T mark)}

b) Give the proper chemical name lor haematite,

d) The main reducng agent in the furnace is carbon
monaxide. Write an equation to show Its formation.
(1 mark)

) Balance the equation: Fe O fs) + CO{g} — Fe(l) » CO (g)
{T mark)
) Limestone is added to the furnace 1o help in the removal
of impurities in the cre, such as silicon dicsdde (SO ).
Explain the chemistry of this, {3 marks)

g) The impure iron fram the blast furnace can be usad to
make cast iron, but most is converted into vanous steels.

(i) Give ane use in each case for cast fron, mild steel,
high-carbon sted and stainless steel {4 marks)

(It} Give twa effects of increasing the propartion of
carban mixed wath the iran. (2 marks)

Total 14 marks

2. a) Aluminium is manufactured by the electrolysis of

aluminium oxide dissolved in molten cryolite

(i) Name the ore from which aluminium oxide s
obtaned. {1 mark)

(if} At which electrode is the aluminium produced?
{1 mark)

(i) Oxygen is released at the other electroge, Explain why
that creates a problem {Z marks)

(Iv} Aluminium is the commonest metal in the Earths

crust, and yet it is relatively expensive because its

extraction is expensive. Why & the extraction expensive?
{1 mark)

b) High-voltage overbead electricity cables are made of
aluminium with a steel core, supported on galvanised

steel pylons.

(1) Alurninium Is nat such a good conductor of electricty
i copper Why is aluminium used far averhead pawer
cables, instead of copper? {1 mark)

(it} kron is a less good conductor of electricity than
aluminium. Why are the cables constructed vath a steel
core? (T mark)

3.

{iii) Suggest two reasons why the pylons are made of
stoel, rather than aluminium. {2 marks)

{1 mark)

(v} Explain how galvanising iron helps to prevent it
from rusting, (2 marks)

Total 12 marks

Zinc pccurs naturally as sphalernte {zinc blende), ZnS,

tiv) What is 'galvanised' iron?

In the extraction of ainc, the zinc sulfide is first heated
strongly in air to produce zinc oxide.

2ZnS(s) + 30 {g) —» ZZn0O(s) + 250 fg)

The zinc axide can be reduced to zinc in two ways. In the first
method, It s heated with carbon In a blast furnace at a
temperature in excess of 1000°C. Zine boils at 907°C, and so
is produced as a vapour that can be condensed. In the
secand methaod, the zinc oxide is converted into zine sulfate
solution, which is then electrolysad.

a) Suggest a use for the sulfur dioxide produced during the
formation of the zinc oxide. (1 mark)

b) Carbon reduction of the zine oxide produces 2ine and
carbon monoxide, Write the squation for the resction,
(1 mark}

c) What would you add to zinc axide to produce a solution
of zinc sulfate? Wrnite an equation for the reaction
involved. {2 marks)

d) At which dlectrode woukd the zinc be formed during the
electrolytic extraction? Write the equation for the reaction
occurring al that electrode (2 marks)

Total 6 marks

Underground salt deposits are an essential raw matenal in the
chemical industry. The salt is extracted by solution mining,
and the salt solution is electrolysed to produce three
important chemicals.

a) Name the three chemicals produced by the electrobysis of
salt solution, and give a wse for each of them, (6 marks)

b} Which of the three is produced at the anode during the
electrolysis? Write the equation for the reaction occurring
at the anode. {2 marks)

Total 8 marks

Ammonia is manufactured from hydrogen and nitrogen in
the Haber process. The nitrogen and hydrogen are passed
through & resction vessel containing a catalyst, About 15% of
the mixture is converted Into ammania gas, The ammonia is
then separated from the unused nitrogen and hydrogen,
which are recycled through the process.

N.(g) + 3H {g) = 2NH [g) AH = -92 kj mol’

a) State the source of; (i) the nitrogen, (i) the hydrogen
(2 marks)

S
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b) Explain the meaning of the symbal = in the equation.

{1 mark)
¢) State what a negative value for AH shows {1 mark)
d) MName the catalyst far the reaction. {1 mark)
€) State: (i) the temperature, (i) the pressure used

in the process. {2 marks)

f} How ts the ammonia separated from the unreacted
nitrogen and hydragen? (T mark)
g) Give two uses for ammonia. {2 marks)
Total 10 marks

6. Sulfuric acid can be manufactured from sulfur using the

sequence:
sulfur — sulfur dioxide — sulfur trioxide — sulfuric acid.

a) How is the sulfur converted into sulfur dioxide? (T mark)

b} The key reaction in the overall process is the conversion
of sullur diaxide into sulfur tricxide. The equation far the

resction is:
8 250,(g)+ O,(g) = 250,(g)  AH =-196kmol”
(i) Name the catalyst for the reaction. (T mark)

(i) Use Le Chatediers principle 1o explain whether the
percentage yield of sulfur triaxide would be greater ata
hiigh or a low temperature, {2 marks)

(ii) The temperature used far the reaction is 450°C
Explain the chaice of this reaction temperature. (2 marks)

(iv) According to Le Chatelier, the yield of sulfur trioxide
would be increased if you used a high pressure. In fact,
the process is carmied out at low pressures of about 1-2
atmaspheres, Explain the reason for that choice. {2 marks)

e} Write two equations 1o show haw the sulfur trioxide is
converted into concentrated sulfunc acid, {2 marks)

d) State two large-scale uses for sulfunc acd. {2 marks)
Total 12 marks

Section C: Quest




Section D: Organic Chemistry

Chapter 18: Introducing Organic Chemistry

When you start doing organic chemistry, you are suddenly faced with a whole lot
of new compounds with strange names and unfamilior ways of druwing them. It
can be guite scary!

butare CH
; | T Z-methybutane
! CH:CHCH:CH:
Q @) '
CH,CH,CH=CH, .
but- l.ene
- I 2-dibromoethane CH_.“C \
ethanoic acid OH
ethanal

Figure 18.1 Organic chamistry invahyes a fot of new compaund’s

The secret at the beginning is to spend a lot of time playing around with the
subject — coding and decoding names. drawing structures and, shove all. making
models. IT you are fortunate. vour school will have models vou can use. If you
aren’t 50 lucky, make your own out of children’s modelling clay and matchsticks or
small nadls 1o use as bonds,

There is no point in going on to look a1 any detailed chemistry of the various
compoutds until you are conlident that you con understand the names and how to
draw the molecules on paper,

Types of formula for organic molecules
Molecular formulae

A molecular formula simply counts the numbers of cach sort of afom present in
the molecule, but tells you nothing about the way they are joined together. For
example, the molecular formula of propane is C H . and the molecular formula of
etheneis CH,

Molecular formulae are used very rarely in organie chemisiry. because they don't
give any useful information abont the bonding in the molecule. You might use
them In equations for the combustion of simple hydrocarbons where the structure
of the molecule doesn't matter, For example:

C,H,(g) + 50,(g) - 3C0,{g) + 4H,0(l)

In almost all other cases, you use a structural formula.

Structural formulae

A structural formula shows how the atoms are joined up. There are two ways of
representing structural formulae — they can be drawn as a displayed formula, or
they can be written out as. for example, CH CH CIH . You need to be conlident
about doing it etther way.

There are literally millions of
different organic compounds. They
all contain carbon, and almost all
contain hydrogen. Atoms such as
oxygen or nitrogen or chlorine crop
up quite commeonly as weil, This
chapter introduces you te some of the
important ideas that you need before

you can start to make sense of organic
chemistry. )

A structural formula such as CH.CH CH,
shoters exactly how the molecube & joined up
A molecutar fonmula. CH_, doese't give you
the same zort of usefud information about
the molecule
=y~
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Figure 18 2 Butarw

If you are asked to draw the structure fora
molecule in a GCSE exam, always diaw it in
the fully displayed form. You can't lose any
marks by daing this. whereas you might

if you use the simplilied foorm. i, on the
other kand, you are just wiiting a strciure
inan equation, far example. you can use
whichever verson you prefes

The best wayy to understand ths s to make
some modek. If you don't have access to
atomic madels, L= blobs o modelling clay
Jjoined together with bits of matchstick o
small nails to represent the bonds You will
find that you can change the shape of the
model by ratating the bands That's what
happerns in real molecules

Chapter 18: ||
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Figure 185 Prapene.

4+ P

4 single bands | dauble and
2 single bords
Figure 186 Armangement of bonds.

Displaved formulae

A displayed formula (sometimes called a fully displayved formula) shows all the
bonds in the molecule as individual lines. You need to remember that each line
represents a pair of shared electrons.

The diagram shows a model of butane, together with its displayed formula. Notice
that the way the displayed formula is drown bears no resemblance to the shape of
the actual mokecule, Displayed formulae are always draown with the molecule
straightened out and flattened, They do, however, show exactly how all the atoms
are joined together

The normil way to draw i stroctural formula
For anything other than the smalkest molecules, drawing a fully displayed formula

is very time-consuming. You can simplify the formula by writing, for example, CH,
or CH, instead of showing all the carbon-hydrogen bonds.

Butane could be written quite guickly as CHCH,CH_CH, - and this shows all the
nocessary detail, But you have 1o be very carelul, For example, all the structures in
Figure 8.3 represent butane, even though they look different;

CH, — CH,— CH,—CH, CH,—<I:H, CH,—(i'.H?
?H, CH,—CH,
CH

Figure 183 Afl three structures represent butane

Each structure shows lour carbon atoms joined up in a chain, but the chain has
simply twisted. This happens in real molecules as well.

Flgure 18.4 Al throw malecules reprasont Duatane

Not one of the structural formulae accurately represents the shape of butane. The
convention is to write it with all the carbon atoms in a straight line.

A molecule like propene, C.H, . has a carbon-carbon double bond. That is shown by
drawing two lines between the carbor atoms to show the two pairs of shared
clectrons, You would normally write this in o simplified structural formula as
CH,.CH=CH.,

Making your own models

Make sure you have the bonds (the matchsticks or nails) pointing in the night
directions. If there are four single bonds around a carbon atom, they are arranged

as shown in Figure 18.6. If you tip the model over so that it is standing on three
different ‘legs’, it should still look exactly the same.

If you hanve two single bonds and a double bond around a carbon atom., the
arrangement in space is different. All the bonds lie in the same plane,



Naming organic compounds

Names for organic compounds can appear quite complicated, but they are no more
than a code that describes the moleculke. Each part of a name tells you something
spevific about the molecule, One part of a name tells you how many carbon atoms
there are in the longest chain. another part tells you whether there are any
carbon—varben double bonds. and so on,

Coding the chain length
Look for the code ketters in the name - these are given in Table18.1.
Code letters : Number of carbons in chain
(_n_eth 1
cth ‘ 2
prop 3
but 4
pent 3

Table 18.7: Coding the chawn fength

For example. butane has a chain of four carbon atoms. Propane has a chain of
three carbon atoms.

Coding for the type of compound

Alkanes

Alkanes are a lamily of similar hydrocarbons (compounds of carbon and hydrogen
only) in whick all the carbons are joined 1o cach other with single covalent bonds,

Compounds like this are coded with the ending ‘ane’. For example. cthane is o
two-carbon chain (because of “eth’) with a corbon-carbon single bond. CH,CH,,

Alkenes

Alkenes are a lamily of hydrocarbons which contain a carbon-carbon double bond.

This is shown in their name by the ending ‘ene’. For example, ethene is a two-
carbon chain comtaining a carbon-carbon double bond. CH, = CH,. With longer
chains, the position of the double bond could vary in the chain, This is shown by
numbenng the chain and noting, which carbon atom the double bond starts from.

Formula Name  Description Ry
CH, =CHCH (H but-T-ene @ four-carbon chain with a double bond starting
- on the first carbon
a four-carbon chain with a double bond starting
on the second carbon

Table 18.2: Indrcating the pasition of the doutve bond

CH,CH=CHCH, | but-2-enc

How do you know which end of the chain 10 number froem? The rule is that you
number from the end which produces the simaller numbers in the name.

You have to learmn these! The first four are the
tricky ones because theve isn't any patern
pent’ means five (as in pentagon). and
followang on from this are other logical ones
A ax-carthon chain for esample, Is coded as

hex'. meaning six (as In hexsgon)

In more comphcated modecules, the
presence of the code an' in the name
agan shovs that the carbons ame omed by
sngle bonds For eample. you can tell thas
propan- Lol contains theee carbon atoms
[prop’) joned together by carbon-carbaon
single bonds (an}. The coding an the end
pIves you more mformatian about the
malecude You wall mees this lzter in the

chapeer

Don'tworry too much about this It isnta bg
issue at GOSE, but it does anse from time o
time later on in this chapter
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Nonce that the count of the rumber of
carbors in the ade chainis coded exacly

as befare, meth’ shows a one-carbon side
cham. eth’ chows two carbons The 'yl shows
that the group is attached to something else

TR I T
CH,—CH,— <|:H —CH,
CH

)

Flpure 188 Number from the end thar produces
the smaller number.

CH,
R | 3
CH,—(i‘.—CH,
CcH

Figure 189 Descnbe the postion of cach ude
chain

It 5 much mare important to be able to
decade names to gree structures than the
other way arcund. i you don't know what 3
tewcher or an examiner is tallong about, yau
are completely lost!

CH,
} Ay U8
C—C=(I‘,—C
CH,
c}.ll
|

Figure 18.10 first draw the struclure, ther add
hydrogem

bst- | -ene

but-1-ene
Figure 187 Bur-7 ene

Both parts of Figure 18.7 show the same moleculke. but in one case it has been
Hipped over so that what was originally on the lelt is now on the right. and vice
versi. It would be silly to change the name every time the molecule moved! Both of
them are called but-1-ene.

Coding for branched chains

Hydrocarbon chains can have side branches on them. You are only likely to come
across two small side chains, showr in Table 18,3,

Side chain Coded
CH,- methyl
CH.CH - ethyl

Tabde 183 Coding fov brorched chaim

The name of a molecule is always based on the bongest chain you can find in it. The
position of the side chain is shown by numbering, exactly as before.

The longest chain i the molecule in Figure 18.8 has four carbon atoms 'but’)
with no doubke botwds (Camne’). The name is based on butane, There is o methyl
aroup branching oflf the nuomber 2 carbon. (Remember 1o number from the end
that produces the smaller number, ) The compound is called 2-methylbutime,

Where there is more than one side chain. vou describe the position of each of them.

The longest chain in the molecule in Figure 18.9 has three carbon atoms and no
double bonds, Therelore the name is based on propane.

There are two methyl groups atrached 10 the second carbon, The compound is
2. 2-dimethylpropane. The ‘di’ in the name shows the presence of the two methyl
groups. “2,2-" shows that they are both on the second carbon atom,

You can reverse this process and draw a structural formula from a name. All you
huve to do is decode the name.

For example. what is the structural formula lor 2, 3-dimcthylbut-2-enc?

Start by looking for the code for the longest chain length. ‘but’ shows a four-
carbon chain. 'ene’ shows that it contains a carbon-carbon double bond starting
on the second carbon atom {'-2-ene’). There are two methyl groups {'dimethyl’)
attached to the second and third carbon atom in the chain ('2,3-'). All you have to
do now is to it all this together into o structure.

Start by drawing the structure without any bydrogen atoms on the main chain. It
doesn’t matter whether you drow the CH, groups pointing up or down. Then add

enough hydrogens so that each carbon atom is forming four bonds. Figure 18.10

shows how your thinking would work



Structural isomerism

Structural isomers are molecules with the same molecular formula, but with
dilferent structural formulae. Examples will make this dear.

Structural isomerism in the alkanes

Isomers of butane, CH, |

If vou baad some atomic models and picked our four carbon atems and 10 hydrogen
atoms, you would fnd it wiss possible 10 1t them togedher in more than one way, The
wo different molecules formed are known as isomers. Boil: have the molecular
formula C H but they have different siructures. Soractural isomerism is the
existernce of two or move different structures with the saome molecular formulia.

m CH,—CH,—CH,—CH,

CH

I T
CH,— CH —CH,
Figure 18.11 Seuctural somers
If you look carefully at the models in Figure [8.1 1. you can see that you coukdn’t
change one into the other just by bending or twisting the molecule. You would

have to take the model to pieces and rebuild it That's a simple way of telling that
vou have isomers.

The ‘straight chain’ isomer is called butane, The branched chain has a three-
carbon chain with no carbon-carbon double bond | *propane’), with a methyl
group on the second carbon., The name is 2-methylpropanc

Isomers of pentane, CH

There are three isomers of pentane, shown in Figure 18.12.

e e o

I I
CH,CHCHCHCH, CHCHCHCH, CH.CCH,
I
CH,
pentane 2-mechylbutane 2 2-dimethylproegane

Figure 1812 The three momers of pentane.

Students frequently think they can tind another isomer as well. If you look closely
at this ‘fourth” isomer (Figure 18,13}, you will see that it is just 2-methylbutanc
rotated in space.

To arvold this sort of problem, always draw your Isomers so that the ongest carbon
chain s drawn horizontally. Check each isomer affer you have drawn i1, 10 be sure
you have done that.

Warning! Don't confuse the word isomer
with isotope. kotopes are atoms with the
same alomic nurmber but different mass

nurmbers
A -4

A straight chain' is an unbranched chan. '
———

CH,?HCH,

CH

I
CH

3

1

Figure 18.13 There is no fourth ssomer of pentane
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You aren't gong 1o be sked to name or
draw cyclopropane in 3 GCSE exam, bz it is
intoresting to see wiy it is called what it is!

If you aren't comfortable with the names, oo
pages 151-152 on organic names

Ethanol &5 what is commaonly known just
as alcohol

Structural isomerism in the alkenes

Ethene and propene

Ethene. CH,=CH,, doesn't have any isomers, Propene, CH,CH=CH,, doesn’t have a

stroctural isomer that is still an alkene. (N vou are interested. you can find a

structural isomer of C_ L, that deesn’t have a carbon-carbon double bond by

joining the carbon atoms in aring, It is called cvclopropane — which says "o ring of

three carbons with only single bonds between them'.)

Butene, C H,

Butene has three structural isomers containing a carbon-carbon double bond.
CH,CH,CH =CH, CH.CH = CHCH, CHC =CH,

I
CH,

bucs | -ene but-2-ene Lretylpropene
Figure 18.14 The theee strixctural somers of butens

Notice the way that you can vary the posttion of the double bond as well as
branching the chain.

A quick introductory look at the alcohols

Alcohols all contain an —0OH group attached 1o a hydrocarbon chain. This is coded
for in the name by the ending *-ol'.

Figure 18.13 shows four small alkcohols,

g oF 2 o

methanol ethanol propan-|-cl propan-2-ol
Flgure 1815 Four small alcohale

Notice the way the names work. Notice that they oll end with “-of’, showing the
OH group. Notice the way the number of carbons in the chain is counted exactly
as before with ‘'meth’. “eth’ and ‘prop’

Arnd notice the possibility of structurad isomerism in the two different propanols.
The <OH group can be attached to the end of the chain lin propan-1-ol} or (o the
sevotud carbon in the chadn (s I propar-2-ol), These are structural isomers
because there s no way that you can bend or twist one of the molecules to make
the other. A model would have to be taken fo pleces to get from one to the other.



End of Chapter Checklist

You should now be able to:

/" understand the difference between a molecular and a structural formula for an organic compound
v draw fully displayed structural formulae for simple compounds
v know that displayed formulae are often simplified by not showing all the bonds in groups such as

CH,and CH,

NN

e T,

Questions

Note: the questions below deliberately indude some examples
which are slightly beyond the level which you would expect to
meet in a GCSE exam. None of them are difficult. though, if you
have read the chapter.

1 a) Write down the names of the following hydrocarbans:
) CH,
(i) CHCHCH,
(i) CH.CH.CHCHCH,
(iv) CHCH=CH,
(v) CH.=CH,
(vi) CH, =CHCH CH,

b) Draw fully displayed formulae {showing all the bonds) for:

() buane
(i) ethane
(iii) but-Z-ene
(iv) propane
(v) methanol
(vi) 2-methylpropane
(vii) 2-methylpropene
(vili) pent-1-ene

2 a) What do you understand by the term structural
isomerism?

know that organic names are just coded descriptions of the molecules

use their names to draw structures for simple hydrocarbons containing either single or double
carbon-carbon bonds limited to up to five {alkanes) or four (alkenes) carbon atoms

work out the names of a similar range of compounds, given their structures

recognise the presence of an ~<OH group in an alcohol by the ending '-of in its name
understand what is meant by structural isomernsm

draw the structures of isomers in simple cases (molecules no bigger than those in this chapter).

b)

c)

d)

b)

There are two structural isomers of C H, , Draw their
structures and name them.

Chapter 18: ||

There are five structural isomers of C H . Dranw their
structures and name them, (A six-c;:rtx)n chain is coded
s hex')

Howv many structural isomers can you find with a
molecular formula C H 7 You dan't need to restrict yourself
10 compounds with carbon-carbon double bonds. Draw
their structures and name & many as you can.

Draw the structures for the following structural isomers of
C,H,OH. (Nate this is beyond anything you will be asked
10 do at GCSE. The answer to the first ane is shown to
give you hints as 1o how to work out the others)

() butan-1-ol (Answer: CH.CH CH CH,OH )

(ii) butan-2-ol

(ill) 2-methylpropan-1-ol

(iv) 2-methylpropan-2-ol

{This question is even further beyond GCSE!) How many
structural isomers of CH, OH can you find? Draw their
structures, making sure that you always draw them with

the longest carbon chain honzontal to avoid duplicate
ones. Name & many as you can.

Can you find ane or more structural isomers with the
same malecular formula (C.H, 0} which dan't contain an
-0H group? You won't be able to name any of these. Feel
veery pleased with yourself if you manage 1o find some!
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Section D: Organic Chemistry

Chapter 19: Alkanes, Alkenes and Alcohols

This chapter introduces three families
of organic compounds, known
technicalily as homologous series.

It is assumed that you have already
read Chapter 18 (Intreducing Organic
Chemistry).

Figure 197 The small alkanes are gases and are
burne as foels

The alkanes

The alkanes are a family of simple hydrocarbons. Hydrocarbons are compourds
that contain carbon and hydrogen only. The carbon atoms are joined only by
carbon—carbon single bonds. Alkanes are describad as saturated hydrocarbons in
the sense that they contain the maximum possible number of Tydrogen atoms for a
aiven tumber of carbons,

The three smallest alkanes are shown in Figure 19.2.
methane, CH, ethane, CH, propane, CH,
Figure 19.2 The three smallest alkanes

Methare is the major component of natural gis, Ethane and propane are also
present in small quantities it natural s, and are important constituents of the
petroleum gases from crude oil distillation (discoussed in Chapter 20,
Homologous series

A homologous series is @ fumily of compournds with similar properties because they
brave similar bonding. The alkanes are the simplest bomologous series.

Members of @ homologous series have a general formula

In the case of the alkanes, il there are ncarbons, there are 2n 4+ 2 hydrogens,

The general formuka for the alkanes is C H, .
So. for example, if there are three carbons., there are (2 x 31+ 2 = 8 hydrogens.
The formula for propane is C 1,

If yvou wanted the lormula for an alkane with 15 carboms, you could easily work
out that it was C, H,, - and so on

Members of @ homologous serbes have trends in physical properties

Figure 19.3 shows the boiling points of the tirst eight alkanes.

liquids
room temperature
%) 20 gases =
o@
-27 < 8.4 e P s
at3 | 2 3 ~ 5 6 7 8

number of carbon atoms
Figure 19.3 Baling pownits of the first expht alkanes



Notice than the tirst foor alkanes are gases ai room temperaiure. All the other ones
you are likely 1o come across af GOSE are liquids. Solids start 1o appear at about
GoH3

17 %

The molecules of the members of a homologous series increase in size in a regular
ray. There is always a difference of CH, between one member and the next.

As the molecules get bigger, the infermolecular forces between them increase. This
means that more encrgy has to be put in to break the attractions between one
motecule and its neighbours, (ne effect of this is that the boiling points increase in
a regular way

Members of @ homologous sertes have similar chemibcal properties

Chemical properties are dependent on bonding. Because alkanes only contain
carbon-varbon single bonds and carbon-hydrogen bonds. they are all going (o

behave in the same way. These are strong bonds. and the alkanes don't have a lot
of chemical reactions.

Two simple reactions of the alkanes

Combustion

All alkanes burn in air or oxvgen. I there is enough oxvgen. they burn completely
o give carbon dioxide and water. For example:

CH {g) + 20,(g) — CO.(g) + 2H,0())
2C,H (g) + 70 (g) — 4CO(g) + 6H,0(1)

[T there isn't enough oxygen, there is incomplete combustion of the hydrocarbon,
ard you get carbon monoxide or carbon (soot ) produced instead of carbon dioxide.

The formation of carbon monoxide from the incomplete combustion of
hydrocarbons is very dangerous. Carbon monoxide is colourless and odourless, and
is very poisonous.

Carbon monoside is poisonous because it combines with haemoglobin (the molecule
that carnies oxygen in the Blood stream), preventing it from carrving the oxygen. You
are made ill, or even die. bacause not enough oxyvgen gets 1o the cells in vour body:

Reaction with bromine

Alkanes react with bromine in the presence of ulira-vioket light {for example, from
sunlightl. A hydrogen atom in the alkane is replaced by a bromine atom. This is
known as a substitution reaction. becavse one atom has been substituted by a
dillerent one.

A mixture of methame and bromine gas is brown because of the presence of the
bromine. If it is exposed 1o sunlight, it loses its colour, and a mixture of
bromomethane and hydrogen Bromide gases is formed.

g) + Her(g)

An exactly similar reaction happens between methane and chilorine exposed 10 UV
light. In that case. vou would get o mixiure of chloromethane and Iiydrogen
chloride gases.

O."(g) ¥ B’l(g ey m!

Intermobecular forces are eaplained in
Chapter 3, page 21

Don' try to learn these equabons! Practise
working them owe for a wide mnge of
different hydrocarbans. You will find
guidance on haw to waork out the ethane
equation in Chapter 5, page 38

: L)
Figure 19.4 As well as all the olfer poisoncus or
CANCET-COLIITG COMPOLT, cAgaretie smuoke
contains carbon monoxde duv (o incomplete
combustion

You don't need it for GCSE purposes, but this
reaction actually goes on to substitute more
of the hydrogens in the methane. What you
end up with is a mocure of CH,Br, CH B,
CHBr, and CBr, - and HEr, of course. You will
find out more about this if you go on to da
chemistry at a more advanced leved.
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You will alsa lind informabon on alkenes in
Chapser 20 {dealing with their praduction
in the ol industry) and Chapter 21 (dealing
with the formatian of polymers such as
palythene)

This ten't & reaction anybody would ever
choose to do. Alkenes are much 100 uzeful
0 waste by buming them

Decode the nure, and make sure you can
see how it warks. eth’ shows a two-carban
chan. ane’ shows aonly carbon-carban
single bonds. The beginmng af the name,
1.Z2-dibrama’, shows twa bromine atams
attached o the first and secand carbon
atams

The alkenes

The alkenes are another family (homologous series) of hydrocarbons. They all
contain a carbon-carbon double bond. Alkenes are unsaturated hydrocarbons.
The presence of the double bond means that they don't contain as many hydrogen
atoms as the corresponding alkane.

The general formula

Alkenes have a general formula € Hy | There isn't an alkene with just one carbon
atom, The two smallest alkenes are ethene and propene,

Figure 19.5 Ethene (izft) and prapens (nght)

Physical properties

These are very simikar to the alkanes, Remember that the small alkanes with up to
four carbon atoms are gases, The same s true for the alkenes, They are geses up to
C H,, and the next dozen or so are liquids.

Chemical reactions of the alkenes

In common with all hydrocarbons, alkenes burn in alr or oxygen to glve carbon
dioxide and water. For example:

C.H.(g) + 30,(&) - 2€0,{g) - 2H,0()
The additton of bromine

More importantly. alkenes undergo addition reactions. Part of the double bond
breaks and the electrons are vsed to join other atoms onto the two carbon atoms.

BEromine adds 1o alkeres without amy need for heat or a catalyst, The reaction is
often carried out using browmine solution Cbromine water”), as for example in
Figure 19.6, witl ethene.

b 00 3%

Figure 19.6 Ap additon reaction: an afkene plus dramne.

The product is called I.2-dibromoettarne, and is a colourless lquid,

You can write this as an equation in two ways. The tirst is very close to the way the
reavtion is shown using the models (Figure 19.7),

i i
RS P
H H Br Br

Figure 19.7 The equatian wsng disploynd formlas.



The other method takes up rather less space:
Be sure you can see how these formulae

CH,=CH_(g) + Br,(aqg) — CH,BrCH Br(l) relate to the full structures n the equation
above
Any compoured with o carbon—carbon double bond will react with brognine in a N, -

sionilar way: This is used 1o test tor a carbon—carbon double bond

If you shake an unknown organic compound with bromine water and the orange
bromine water is decolorised, the compound contains a carbon-carbon double
bond. If your unknown compound is a gas. you can simply bubble it through
bromine water with the same effect

The lefi-hand tube in Figure 19,8 shows the effect of shaking a liquid alkene with
bromine water, The organic layer is on top. You can see that the bromine water
bras been completdy decolorised — showing the presence of the carbon—carbon
double bond,

The right-hand tube in Figure 19.8 shows what happens if you use a lguid alkane
—which doesn't have a carbon—carbon double bond. The colour of the bromine is
still there. Interestingly. most of the colour is now In the top organic layer. That is
because the covalent bromine s more soduble in the organic compound than i is
n water.

Alcohols

What everybody knows as ‘akcohol’ is just one member of a large amily
i homologous series) of similar compounds. Alcohols all contain an ~OH group
covatlently bonded onto o carbon chain,

Chapter 19

The familiar alcobol in drinks is C,H.OH (or, better. showing the structure,
CH,CH OH), amd should properly be calked ethanol

Figure 19.8 The sewkt of shaking a higuid alkene
(fofe) ar alkane (right) with daming watey,

The production of ethanol
Making ethanol by Fermentation

Yeast is addad to a sugar or starch solution and keft in the warm (say, 30-40°C) for
several days in the absence of air tanaerobic conditions). Enzymes |biological Figure 19.9 £thano!
catalysts) in the yeast convert the sugar imto ethanol and carbon dioxide. The
process ks known as fermentation.

The biochemisiry is very complicated. Assuming you are starting from ordinary
sugar [sucrose), the sucrose is split into two smaller sugars, glucose and fructose,
Glucose and fructose have the same molecular lormulae, bot diflerent structures,
They are isomers

Enzymes in the yeast convert these sugars into ethanol and water in a multitude of
small steps. All we normally write are the overall equations for the reactions.

clezon(aq) + qu') - C.Huog(aQ) * cg"q;og(m)
sucrose glucose fructose

C,H,.0,aq) - 2CHOH(aq) + 2C0.[g)

Figure 19.10 Sixgar cane - ane of the posible raw
materials for making etfanol Otfers incude
mawe fcalled corm an the USA), wheat and other
stacchy matenals




Youvall find a diagram and discusaon Yeast is killed by more than about 13% of akohol in the mixture, so it is impossible

far  lab-based frachonal drstillation of 1o make pure alcobol by fermentation. The alcohol is purified by fractional
10y mf;.:)rxi.-’vmcr mitire in Chapter 11, distillation. This takes advantage of the difference in boiling point between ethanol
—_— §  and water, Waner boils at 100°C whereas ethanol boils at 78 °C,

The liguid distilling over at 78°C is 96% pure ethanol. The rest is water. It is

impossible to remove this kast 4% of water by simple distillation.
The ethene comes [rom the ol industry You Making ethanol by the hydration of cthene
can read about bow itis made in Chapter 20,
pege 166, Ethanol is also made by reacting ethete with steam — a process known as
—— 4 hydration.

CH,=CH (g) + H,O(g) —+ CH CH OH(g)

Starting materials:  ethene and steam

Temperature: J00°C

Pressure: 60-70 atmospheres

Catalyst: phrosphoric ackd

Only a small proportion of the ¢thene reacts. The ethanol produced is condensed as
a liguid and the unreacted ethene is recycled through the provess.

Compsaring the two methods of producing ethanol

& Fermentation Hydration of ethene
= use ol | uses renewable resources —  uses finite resources — once all the
s resources sugar beet or sugar cane, ol has been used up there won't be
) corn and other starchy any more
5 materials
type of a batch provess - a continuous flow provess —a
provess everything is mixed stream of reactants is constantly
together ima reaction passed over the catalyst. This is
vessel and then lelt for more efficient than a batch process
several days. That batch is
then removed and @ new
restction is sed up — this is
imeflicient
rate of slow. taking several days  rapid
reaction for cact batch
quality of produces very impiure produces much purer ethusol
product ethamol that needs furilier
processing
reaction uses gentle temperatures  uses high tempenatures and
conditions and ordinary pressure pressures, needing a high input of
CICTEY

Table 19.1: Methods of producing ethanol

At the moment, countries that have easy acvess 1o crude oil produce ethanol
marinly froen ethene. but one day the oil will run out, At that point, the produdtion
of ethanol from sugar and starch will provide an alternative route 1o many of the
organic chemicals we need,




Some reactions of the alcohols
Alcohols burn

All alcobols burn to lorm carbon dioxide and water, For example, with: ethanol:
C,H.OH(l) » 30,(g) — 2CO,(g) » 3H.O(l)

Ethanol is a bioluel {a fuel made from biological sources. such as sugar cane or
maize). Mixtures of petrol with ethanol are increasingly used in countries such as
Brazil, which have little or no oil industry to produce their own petrol. (n the other
hand, they often have a climate which is good lor growing sugar cane, (Mher
countries are infroducing biofuels such as ethanol 10 reduce dependence on fossil
fucls such as oil and gas.

Dehydrating alcohols

Delndration refers to the removal of water from a compound. The dehvdration of
ethunol produces ethene. Ethanol vapowr is passed over hot aluminium oxide
acting as a vatalyst.

Figure 19.11 Ethanal being used as a fuel in
Brazl

mineral woal aluminium
saaked in edanal, ,oide
N ’." —h " echene =
IS = Lo —— —B-- collecrs LY
heat

: «  cold water

Chapter 19

Figure 1912 Dehydation of sthanal to produce ethere

CH CH OH(g) — CH_=CH (g) + H,O(1)

Notice that the —0H group is removed together with a hydrogen from the carbon
atom next door.

H and OH lost from next door carbon atoms

+ 9-0
L O )

Figure 19.13 Dehydration of athanal - the -OH group and a fydrogen are removed,

Mther alcohols would dehiydrate in a similar way: For example. the dehydration of
propan- [-ol pridduces propene.

CH_CH,CH OH(g) — CH CH=CH (g) + H,0(l)
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You should now be able to:

understand what is meant by a homologous series, and know the general formulae for alkanes
and alkenes

draw and name the alkanes (including isomers) with up to five carbon atoms (from Chapter 18}
draw and name the alkenes (including isomers) with up to four carbon atoms {from Chapter 18)
write equations for the complete combustion of alkanes

understand what is meant by incomplete combustion, and explain why it is potentially dangerous

know that alkenes undergo addition reactions with bromine, and that the reaction with bromine
water is used to test for carbon-carbon double bonds

describe the manufacture of ethanol by fermentation and by the hydration of ethene

discuss the advantages and disadvantages of the two methods of manufacturing ethanol,
including the availability of crude oil or suitable sources of sugar or starch

describe the dehydration of ethanol to make ethene.

Questions

1 a) Alkanes are saturated hydracarbons, What do you
understand by the term saturated?

3 a) State the conditions for the manufacture of ethanol by
the hydration of ethene,

b) Undecane is an alkane with 11 carbon atoms.
(i) Write down the molecular formula for undecane

(i) What physical state (solid, liquid or gas) would you
expect undecane to be in at room temperature?

(i) Write an equation for the complete combustion of
undecane.

2 A gaseaus hydrecarbon, B with three carbon atoms,

decolarises braomine water.
a) What does the decolorisation of the bramine water test for?
b) Write the displayed formula for the hydrocarbon.

c) Write the equation for the reaction between the
hydrocarbon and bromine, using fully displayed formulae
for the hydrocarbon and the arganic product

d) The reaction between methane and bromine gas in the
presence of UV light atso causes the bromine to lose
colour.

(i) Write an equation for this reaction

(H) This reaction Is desenbed s a substitution reaction,
wheress the resction between X and bromine is an
addition resction, Using the equations you have
already written, explain the difference between
addition and substitution

b) Give two advantages of this way of produding ethanaol
over the fermentation method.

¢} Give two advantages of making ethanol by fermentation,

Ethene can be made fram sucrase (sugar) in the lab using the
follawing sequence:

sucrase — ethanol — ethene

Given about 25g (i large spoanful) af sucrose, describe with
the aid of diagrams how you would convert the sucros into
it fews test Tubes of ethene gis. You may use any apparatus
commanly avsilable in a student lab. In addition to your
diagrams, you should name any ather materials you need,
and give any important conditons for the reactions involved,

During the first few years of the twenty-first century, there
was serous warry about the effect of increasing carbon
dioade levels on global temperatures. One of the results of
this was a drive to increase the amount of biofuek used {such
as ethanol) in order to replace fuels based on oil or gas. By
2007-08, it became obwvious that increased use of biofuels
was having undesirable effects, such as increasing the world
prices of some foods and, in some cases, even producing
more carbon dimade than they saved.

By doing an internet search {or otherwise), explain why the
praduction of bicfuels increased some workd food prices and,
in some cases, resulted in an increase in the amount of
carbon dioxide in the atmosphere



Chapter 20: Useful Products from Crude Oil

The oil industry is at the very heart of
modern life - providing fuels, plastics
and the organic chemicals which go
to make things as different as solvents,
drugs, dyes and explosives, This
chapter explores how an unappealing
sticky black liquid is converted into

useful things. a?

Figure 20.1 The od mdustry 15 240G busimess!

What is crude oil (petroleum)?
The origin of crude oil

Millions of years ago, plants and animals living in the sea died and fell to the
bottom. Lavers of sediment formed on top of them. Their shdls and skeletons
formed limestone. The soft tissue was gradually changed by high temperatures and
pressures into crude oil. Crode oil is a Hnite, non-renewable resource. Onee all
the existing, supplies have been used, they won't be replaced - or at least, not for ‘
many millions of years. - - _ :
N a Figure 20.2 This sticky black Mgusd underpins
Crude oil contains hydrocarbons modern life

Crude oil is a mixture of hydrocarbons - compounds containing carbon and

hydrogen only, Hydrocarbons are orgamic mokecules, The term ‘organic’ was

origimally used because it was believed that organic compounds could only come

from living things, Now it is used for any carbon compound except for the very

simplest tlike carbon dioxide and the carbonates)

Hydrocarbons can exist as chains, branched chains, or rings of carbon atoms with
hydrogens attached.

Hydrocarbons can cecur as...

-

chains.... branched chains... rings... or a combinauon.
Figure 203 Structures of fydrocarbans
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Intenmolecular atbactons are explained in
Chapser 3 (page 21]

We usually count a substance as besng
wolatle if it turns to a vapour easily at room
tempetizre That means it will evaporaze
quickly at that tesmperatize

Warning! You will find 4 lot of disagreemem
from vanous soutces, about exactly what
fractions ave produced in this first destdlation.
Figure 204 matches the requirements of the
Edenced IGCSE specification (syllabus), but is
a major simplification of what really goes an

How the properties of hydrocarbons change with molecule size

As the number of carbon atoms in the molecules increases, several propertics of

the compounds change in a regular pattern, Most of these changes are the result
of increasing attractions between neighbouring molecules. As the molecules get

bigger. these intermolecular attractions increase, and it gets more diflicult to

pull one molecule away from its nelghbours.

As the molecubes get bigger, the following changes occur,

@ Boiling point increases — the larger the molecule. the higher the bolling point.
This is because large molecules are attracted to each other more strongly than
smuller ones. More heat s needed to break these stronger attractions to produce
the widely separated molecules in the gas.

@ The liquids become less volatile, The bigger the hydrovarbon, the more slowly it
evaporates al Toom temperature, This is again because the bigger molecules are
more strongly attracted to their neighbours and so don't turn (o a gas o casily:

@ The liquids flow less easily (they become more viscous). Liguids containing small
hydrocarbon molecules are runny. Those containing large molecules are much
stickier bevause of the greater attractions between their molecules.

® Bigger hydrocarbons do not burn as easily as smaller ones. This limits the vse of
the bigger ones as fucls.

Separating crude oil
Fractional distillation

Crude ol is heated and passed into a fractionating column. which is cooler at the
top and hotter ot the bottom. The crude ofl &s split Into vartous fractions.

refinery gases
gasoline (petrol)
kerosine

diesel oil (gas oil)

crude oil
fuel oil

bitumen

Flgure 20.4 Separation of criade ol

How Far up the column a particular bydrocarbon gets depends on its boiling point.
Suppose a hiydrocarbon boils at 120°C, At the bottom of the column. the
temperature is much Bigher than 120°C and so the hydrocarbos remains as a gas
As it travels up through the colump, the temperature gets lower. When the
temperature falls to 120°C, thar hydrocarbon will start to turn to a liquid, It
condetises and can be tapped off,



The hydrocarbons it the retinery gases have boiling points which are so low tha
the temperature of the column never Glls low enough for them to condense to
liguids.

The temperature of the column isn't hot enough 10 boil some of the large
hydrocarbons found in the crude ofl and they remain as a liguid. and are removed
as a residue from the bottom of the column. Bitumen, which is used in road
making, is made from this.

Uses of the fractions

All hydrocarbons burn in alr {oxygen ) 1o form carbon dioxide and water and
redease a lot of heat in the provess. They can therefore be used as fuels.

For example, burning methane (the major constituent of natural gas):

CH (g) + 20,(g) — CO (g) + 2H,0(1)

.. or burning octane tone of the hvdrocarbons present in gasoline (petrol)):

2C,H, (1) + 250 (g) — 16CO,(g) + 18H,0(1)

If there isn't enough air lor oxygen), you get incomplete combustion, This leads
to the formation of carbon (soot) or carbon monoxide instead of carbon dioxide,

For example, I methane burns in a badly maintained gas appliance. there may not
be enough oxyaen available to produce carbon dioxide, and so vou get dangerous
carbon monoxide instead:

2CH (g) + 30,{g) - 2CO(g) = 4H,0(1)
Refinery gases

Refinery gases are a mixture of methane, ethane, propane and butane. which can
be separated into individual gases il required. These gases are commonly used as
LPG (liquefied petroleum gos | for domestic beating and cooking,

Gasoline {petrol)

As with all the other fractions, petrol is a mixture of hydrocarbons with similar
botling points. Its use is fairly obvious!

Kerosine

Kerasine ks used as fuel for jet aircrafl, as domestic heating ol and as "parafiin’ for
small heaters and lamps.

Diesel ofl (gas ofl)

This is vsed for buses, lorries, some cars, and railway engines where the line hasn't
been electrified, Some is also cracked to make other organie chemicals and produce
more petrol,

Fud oil

This is used for ships” beilers and for industrial heating.

Don't try to leaun these squations - there are
too many possible kydirocarbors you could
be asked about. Pravided you know (or are
told) the formula, they are easy to balance
i ——

14 described in more detail in Chapeer 19,

The problern of incomplete combustion
page 157 |

Chapter 20: |

Figure 20.5 Keyasne is used as awation fixl

Figure 20.6 A train powerad by diesel ol
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Figure 208 Biuren is used in road construction.

In Figure 209, the molecules have been
drawn to shaw the vanous covalent bonds
They have akso been staightened out. The
real molecules are much more worm-like

Bitumen

Bitumen s a thivk. black material. which is melted and mixed with rock chippings
to make the top surfaces of roads.

Cracking

Although the fractions from crude oil distillation are useful luels, there are two
problems,

@ The amounts of each fraction you ger will depend o the proportions of the
vartous bydrocarbons (n the original crude ofl, not the aunounts in which they
are needed, Far more petrol is needed. for example, than is found in crude oll.

@ Apurt from burning, the hydrocarbons in crude ol are fairly unreactive, To make
other organic chemicals from them. they must first be converted into something
more reactive.

Cracking is a uselul process im which large byvdrocarbon molecules are broken into
smaller ones, The big lndrovarbon molecules in gas oil, for example. can be broken
down info the smaller ones needed lor petrol

The majority of the hydrocarbons found in crude ol have single bonds between the
carbon atoms. During the cracking provess. molecules are also formed that have
double bonds between carbon atoms. These new molecules are much more reactive
and can be used to make many other things.

How cracking works

The gas oil fraction is heated to give a gas and then passed over a catalyst of mixed
stlicon dioxide and aluminium oxide at shout 6O0-700°C. Cracking can also be
carried out at higher temperatures without a catalyst.

Cracking s just an exampie of thermal decomposition - a big molecule splitting

into smaller ones on heating, The molecules are broken upin o firly random way:
This is just one possibility;

| |
double bonds formed
Figure 209 How cracking works



As am equation, this would read:

CHull) = CH(g) + CH(g) + CH (1)

Cracking produces o mixture of alkanes and alkenes. In this case, two different
alkenes are produced - ethene and propene. (X tame, an alkane, is also formed, This
particular cracking reaction has therefore produced two useful molecules for the
chemical industry — ethene and propene are both used 1o make importam
polymers, as you will ind in Chapter 21. And both are used in making other
organic chemicals,

The reaction also produces octane, which Is a component of petrol |gasoline).
The molecule might have split quite differently. All sorts of reactions are going on
in a catalvtic cracker, Two other posabilities might be:

C H,. ()= 2CH (g) + CH_(I)

C,;H“‘l) = ZCIHA(G) g C)H‘(g) X, CsHu(')

Some reactions might even produce a small pereentage of free bvdrogen. For
example:

C H,,(1) = 2CH (g) + CH(g) + CH, (1) + H (g)

In this case, all the hydrocarbons formed will have double bonds. They are oll
alkenes. C H, _is called hexene.

And there will also be very many other ways in which this particular molecule
might have split up. Also, remember that the fraction being cracked contains a
complex mixture of hydrocarbons. not just one. At the end of the cracking process.
vou will have an equally complex mixture of smaller hydrocarbons, both alkanes
and alkenes.

This mixture will have to go through a lot of further processing (including further
fractional distillation) to separate everything out into pure compounds

Don'twarry tao much if you can’s mmember
which are gases and which are liquds State
symbak are very commaonly missed out n
orgamc chomisty
O

It i¢ essential that you donT try Lo keam
these equations. In an exam, you could
be given one of 4 wide range of possible
Ipdrocarbans to start with. You need to
understand what & gaing on, so that you can
be adaprable.

A &
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End of Chapter Checklist

You should now be able to:

understand that crude oil is a mixture of hydrocarbons, and know how the simple properties of

those hydrocarbons vary with molecular size

. know how crude oll is separated into fractions taking advantage of differences in boiling points
know the uses of the main fractions from crude oil distillation
understand what is meant by cracking, and why it is important

. give the conditions for catalytic cracking.

Questions

1

Six of the fractions which are obtained by the fractional
distillation of crude oil are {in alphabetical arder): bitumen,
diesel oil {gas oil), fuel ail, gasoline, kerosine, refinery gases.
Draw up a simple table listing these fractions in order of
increasing boiling paint. Give one use for each of the
fractions.

Hydracarbons burn in an excess of air or oxygen o give
carbon dioxide and water,

a) What do you understand by the term hydrocarbon?

b) ‘Write an equation for the complete combustion of the
hydrocarbon heptane, CH_ (1)

¢) The more volatile a hydrocarbon is, the more flammable
itis. In a liquid, reaction with oxygen can only take place
at the surface. In a gas, the axygen molecules can mix
easily with the hydrocarbon molecules,

(i) What do you understand by the word vofatile?

(i) Which is the more volatile hydrocarbon, C_H_, or
CH..? Explain your answer.
d) Explain why the incomplete combustion of hydrocarbaons
causes safely problems,

Cracking is a process that splits larger hydrocarbons into
smaller ones.

a) Give two reasons why an oil company might want to
crack a hydrocarbon

b) State the conditions under which cracking is carried out.

¢} A molecule of the hydrocarbon € H,, was cracked 1o give
two molecules of ethene, C,H,, and one other molecule.
Write an equation for the reaction which took place. {You
can omit the state symbols from your equation.)

d) Write an equation for an alternative cracking reaction
involving the same hydrocarbon, C, H,

4  Imagine a world in which fossil fuels such as coal, natural gas

and oll had never formed. This would have effects other than
the immediately obwious ones. Far example, the iron and
steel industry depends on coke made from coal, although in
the past (on a much smaller scale) it used charcoal made
from wood. Choose one aspect of the modern world and
explain, in no more than 300 words, how it would be
different in the absence of fossil fusls. You could choose from:
transport, use of materials, landscape, disease prevention,
and power generation, for example, but you needn't restnct
yourself to this list.

Try not 1o be tao simplistic about this. Human beings are
inventive! For example, it is possible Lo abtain organic
chemicaks from alcobol {from fermented sugar), and fuels
from plant oils,



Section D: Organic Chemistry

Chapter 21: Polymers

Addition polymerisation
The polymerisation of ethene

Ethene is one of the alkenes produced by cracking. [t is the smallest hydrocarbon
containing a carbon-carbon double bond. Figure 21.1 shows different ways of
writing or drawing an ethene modecule.

{'y
pa P §9 | o
H H

Figure 277 Ethene.

tinder the right conditions, molecules containing carbon—carbon double bonds can
join together to produce very long chains, Part of the double bond is broken. and
the devirons in it are used to join to neighbouring molecules. This is callad
addition polymerisation.

Polymerisation is the joining up of lots of little molecules (the monomers| to make
one big molecule (the polymer). In the case ol ethene, lots of ethene molecules
join wogether to make polv{ethene) - more usually called polythene,

Z999099999999

heat and high pressures
and an initiator

gdmg.

Figure 21.2 The polymensation of ethene

The chain length can vary from about 4000 to 40,000 carbon atoms,

For sormal purposes, this is written using displayed formulae. Remember that o
displayved formula s rather like the models drawn here, but with symbols for the
atoyns rather than circles. For exam purposes. the acceptable form s the one shown
in Figure 21.3.

Ty
n(l.'.?—b

I—ﬁ—I
I—ﬁ—I

Flgure 213 Duplayed formuda for palyfethene}

This chapter looks at two different
ways that polymers can be made.
Addition polymerisation for polymers
such as polythene and PVC, and
condensation polymerisation for
polymers such as nylon.

An initiator is used to get the process
startect You mustn't call it 3 catadyst, because
it gots used up in the reacton

Prople occasonally wander what happens at
the ends of the chans. They don't end tdily*
Bits of the initiator sre bonded on a2 either
end You den't need to worry about that for
GCSE

In this structure for pobdethene), n
represents a large but variable number
1t simply means that the stucture in the
brackes repeats itsell many tmes in the
molecule

Chapter 21: |
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Chapter 21: Poly

You will find that it 5 much easet 10 wotk
out the structure of its polymes If you keep
the CH, group tucked wp out of the wary
when you deaw it

Figure 21.5 Polypropene) s wsed 1o male
craes

w
"B
- RN,
- .

N

Flgure 216 and ropes

-

1'ses for polylethene)

Polyiethene) comes in two types — low-density polylethene) (LDPE) and high-
denstiy polylethene| {HDPE). Low-density polylethene) s mainly vsed as a thin ilm
to make polythene bags. It is very flexible and not very strong.

High-density polyiethene) is used where rather greater strength and rigidity is
needad - for example to make plastic bottles such as milk bottles, If you can tind o
revycling symbol with thee letters HDPE mext toit. then the bottle is made of high-
densty polytethene). If it has some other ktters there, then it is a different polymer,

The polymerisation of propene

Propene is another alkene - this time with three carbon atoms in cach molacule, [ts
formula is normally written as CH,CH=CH_, Think of it as a modilied ethene
molecule, with a CH, group attached in place of one of the hydrogen atoms,

... but you'll make
life much easier for
yourself f you think
This Is the real shape. .. of iclike this.

Figure 27.4 Propene

When propene s polymerised you get poly(propene), This used 10 be callad
polypropylene.

chain
./
Flg)l’t 21.7 Polv{propene)

Write this as:
nile this as ?H._ T (i-H,
n (l:=<|: — ?—
H H H

Figure 21.8 Use this eguation for exam porpases

=—N—X

)

Uses of poly(propenc)

Polyipropene) is somewlat stronger thar polylethene), [t is used to make ropes and
crates (among many other things). I an item has a recycling mark with PP inside
it or near it, it is made of polyipropene).



The polymerisation of chloroethene

Chloroethene is an cthwene molecule in which one of the hydrogen atoms is
replaced by a chlorine. Its formula is CH, = CHCL 1t used to be called vinyl chloride.
Polymerising chlorpethene gives you polvichloroethene). This is usually known by
its old name. polyvinylchloride or PVC.

SRR

mare
malecules

o
Flpure 21.9 FolyWchboroathens) (podywnypkhicrde ar FYT)

Write this as:

SIAR:
i A R G
H H H H /a

Flgure 21.10 U this eguation o exam purpaws

I'ses of poly{chloroethene)

Folyichloroethene) — PVC = has a lot of uses. It is quite strong and rigid, and so can
be used for drainpipes or replacement windows. It can also be made Hexible by
adding “plasticisers”. That makes it useful for sheet floor coverings, and even
clothing, These polymers don't conduct electricity, and PVU is used for electrical
imsulation.

Working out the monomer for a given addition polymer

In an exam, you may lind that you are given the structure of a pelymer and asked
to work out what monomer it was made from. Figure 21.12 shows a part of the
structure of a polystyrene molecule.

I T
—C—C—C—C—C—C—C—C—
R OO X R I [N M
H H H H H H H H

Flgure 21.12 FRar of a polystyrone malecuie

The C H. group is complicated, and we don't neal to worry about that in writing
the structure of the monomer — work from the siructure you are givers. First A
the repeating unit, and then put back the original Garbon-carbon double bord.

1t Boesn't matter when you diatw this whethes
you put the chlorine atom on the lefi-hand
carbon utom or the nght-hand one.

Chapter 21: Foly

Figure 2117 PV 15 used [0 insalale edectric
cables

)
— s e
| |
H H

Figure 21.13 Falystyrene - the repeating it

Flgure 21.14 Styrene - the monomer
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There are several different types of nylon
The one we are going 10 talk about is called
mdon-6.6 and has two monomers,

Warning! These are two of the rrost scary
peges in the whole book. Take them very
slowhy. They theow a whobe kot of new
structures &1 you in o very short space of
tire. This & unavoidable - sony! if you ke
It gemly, step-by-step, itisnt actually very
dfficult

Slightly confusmingly, the family name =
amine’, but members of the group alten
hawe aming' in the name. This is probably
Jjust becawse a word ke daminobexane’
sounds slightly bester than daminehexane’.

Condensation polymerisation

Making nylon

When a lot of ethene molecules combine to make a chain, the double bonds break
and the monomer molecules just add on to each other to make a polymer. Nothing
ks lost. That s why it §s called ‘addition polymerisation’.

Making nyvlon is different. Instead of one monomer. you often have two. joining
together aliernately. And cach time two monomers combine, a small molecule is
last, That is known as a condensation reaction

The monomers

One of the monomers is a six-carbon organic acid with a ~COOH group at each
end, called hexanedioic acid, The ~COOH group is known as a carboxyvlic acid
group. It is present in familiar things such as ethanoic acd (CHL,COOH, previously
called acetic acid) in vinegar, lor example. The code 'di’ in the name shows that
there are wo of these groups present, Hexanedioic acid is one of o family of
compounds called dicarboxylic acids. 11 lormula is

HOOCCH CH,CH,CH COOH

Notice that there are o total of six carbon stoms in the molecule. That's one of the
sixes in nylon-A.6,

The other monomer s a diamine called 1,6-diaminohexane. The amino group is
-NH_, and there is one of these at each end of a six-carbon chain. That's the other
six in nylon-6, 6.

HZNCH2CHIG'XCHJCHZCHJN H i

Under the right conditions. these two molecules can join together with the loss of a
molecule of water each time a new bond is formed.

(o) 0
Il Il
ete. H=OfC=(CH,),~C~O-H H—-T—(CH,)‘—T -H e
. H H
. ’

water water water
Figure 21.15 Jaining the manomers fogether

If you keep going with this over lots of pairs of monomers, you will get a chain as
shown in Figure 21,16,
Q o) Q o
I I Il Il
etc, -C—(CH,)‘-C-T-(CH,)‘—T—C- (CH,),—C- rlv-(cn_\)‘- T- ot

H H H H
Flgure 2116 to make a chain

Now, this all looks pretty scary! So let's simplify it into what is known as a ‘block
diagram’. This just replaces the CH, groups by rectangles. and allows you to
concentrate on the important bits,



water wazer water This is how you set about learming this. Think
H O O 1 ' ol one of the monomers as being a rectangle
[l Il with a -COOM group at either end. Think af
ecc. H-d—C— l—C-{O—H H=N=- }-N—{ﬁ— ecc. the ather one as being a rectangle with an
| | -NH, group at either end. Draw thoss groups
H H as displayed formulae. Then line thern up
‘ =0 thal you can remove waler between
thern. Having rermoved the watey, dot the
@) O ») (®) test of the molecules together as shown in
Il I | Il these diagiams. It locks difficult because itis
—C-{:—C— N-:]-N—C— l—c-— N—l -N- unfamiliar. Practise doing it & Few times umil
| | | | it becomes familias
M H H H “—

Flpure 21.17 Black giagram

Industrially, this reaction is done at 250°C, but with a small modification it can be
done in the lab &1 room temperature. The modification replaces one of the
monomers with a more reactive molecule. The ~0OH groups in the hexanedioie acid
are replaced by chlorine atoms to glve:

If you sre interested, ths s called
OOCCHICHICHICHRCOC' hemanedioyl dichlande Nobady = expecting

This time, the small molecule that gets lost during the condensation reaction is HCL. Y24™ femumbat:thas

~
HC) HC HCl &
‘ O O . ] '~_~
I | - e N
cHc-4 Fc+c HHT'— }T_H Comparing Figures 21.17 and 21,18, we see S
H M that nothing much has changed I g‘
~ -
‘ U
o Q O (@)
I Il Il Il
EH_LCaEE FReey PO Gl
i H H H

Flpure 2118 HCT & (st during this condensation maction

This reaction is the basis for a fascinating piece of practical work kinown as the
nvlon rope trick.

The hexanedioyl dichloride is dissolvexd in an organic solvent, which doesn’t mix Wignires 1.1 Thie my¥ote poe K -~ 4l Sae oy of
vith water, and the 1.A-dlaminehexane is dissolved in water. The dutlonsarg: Yo theve were several excellent widea ciips of

with water, and the 1.6-diaminchexane is dissolved in water. The two solutions are 0o e youtube You can find fioks to

placed in a small beaker {or other container | so that one floats on top of the other. these fram the webgte accompanying this bask

avolding mixing as far as possible.

Nybon is formed at the boundary between the two layers, [F this boundary layer is
carcfully caught with a pair of tweezers or tongs. you can pull out surprisingly
long lengths of nylon, Messy, but fun!

Ises of nylon

Apart lrom obvious uses in textiles, the fibres are also usad in ropes. and nylon can
be cast into solid shapes for cogs and bearings in machines. for example.

Flgure 21.20 The fadvic for hot air badoons i
based on evther nplon or podpester. Like aplon,
potpester 3 oo a condersalion palyme:
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End of Chapter Checklist

You should now be able to:

v understand what ts meant by addition polymerisation as applied to poly{ethene), poly{propene)

and poly{chloroethene)

v work out the structure of a monomer from the repeat unit of a polymer
v understand what is meant by condensation polymerisation as applied to nylon
v know the monomers used in the manufacture of nylon, and draw the structure of nylon using a

block diagram.

Questions

1 Fropene, CH,, can be polymerised to make poly(propene)

a) What do you understand by the term palymensation?

b) Draw a displayed formula (showing all the bonds) for
propene.

c) Draw a diagram ta show the structure of a poly(propene)
chain, Restrict yoursel! 10 showing thres repeating units,

d) The formation of poly(propene) & an example of addition
palymensation. Explain what is meant by the word
addition.

&) Styrene has the formula C,H CH = CH_. Write an equation
to show what happens when styrene is polymensed to
make polystyrene. Your equation should clearly show the
structure of the polystyrene. (Show the CH. group asa
whaole without worrying about its structure.)

) Asmall part of a Perspex molecule looks like this:

H CH H CH H CH,
| | | | | |
C—C—C—C—C—C

I | | | | |

- <|:=o H <I:=o H <|:=
OCH

OCH

b 1

Draw the structure of the monomer from which Perspex ts
made.

Nylon-6,6 is made by a condensation pofymerisation of the
monomers 1 6-diaminohexane and hexanedioic acid.

a) By drawing the twa monoemers in block format:
(i) explain what is meant by condensation polymersation

{ii) draw a diagram to show the essential bonding in a
chain of nylon-6,6.

b) Nylon-6,10 & made from 1,6-diaminobexane and a longer
chain acid, decanedioic acid, containing a total of 10
carbon atoms:

HOOCCH CH.CH, CH CH CH.CH CH COOH

(i) How wall a chain of nylon- 6,10 differ from one of
nylon-6,67 Refer to the diagram you drew in {a ii).

(i) In what winy(s) will the two chains be the same? Again,
refer to the diagram you drew in {a i),

(This question contains new material, and is designed to look
difficult. It is actually very easy as long as you understand
about nylon.)

Polyesters such as Terglene (for clathes) or PET (commonly
used to make drinks bottles) are made by condensation
palymenzation from ethane-1,2-diol and terephthalic acid
(properly known as benzene-1,4-dicarboxylic acid). The
structures of these are;

fthane-1,2-dicl:  HO-CH CH,-OH

Terephthalic acid: (|:|> (Ill)
HO—C—CH,—C—OH
Draw the structure of a short length of polyester chain

The structure of the C H, group is complicated, and you can
write it simply as C,H__ You can draw this as a block diagram
if you wish, but it is more satisfying (and no mare difficult in
this case} to draw the structure properhy.



End of Section D Questions

1. Crude oil {petroleumn) is a complex miture of hydrocarbons

The crude oil can be separated into simpler mixtures {called
fractions) by taking advantage of differences in boiling points
between the various hydrocarbons

a) What do you understand by the term hydrocarbon'?
{2 matks)

b) What is the relationship between the number of carbon
atoms in a hydrocarbon and its boiling point? (T mark)

c) What name is given to the process of producing the
simpler mixtures from the crede oil? (T mark)

d) One of the fractions produced from erude ol is called
kerosine. Give one use for kerasine. {1 mark)

€) One of the hydrocarbons present in kerasine is an alkane
containing 10 carbon atoms. called decane. Write the
molecular formula for decane. {1 mark)

f) The hydrocarbon C_H_, (alsa present in kerosine) burns
1o farm carbon dioxide and water. Write the equation for
the reaction, {7 matks)

g) How would you test the products when C H,, burns to
show that carbon dioxide had been formed? {2 marks)

h) Liquefied petroleum gas (LPG), used for domestic heating
and cooking, is propane (CH,), Burning propane in badly
maintained appliances or in poorly ventilated rooms can
cause death. Explain why that is {4 marks)

Total 14 marks

. Some of the gas oil fraction from crude oil is broken into
smaller molecules by heating it in the presence of a catalyst.
A mixture of saturated and unsaturated hydrocarbons is
formed.

a) Explain the difference between a saturated and an
unsaturated hydrocarbon {Z marks)

b) What name is given to the process of breaking up the gas
oil fraction in this way? (T mark)

¢) When a molecule C_H_, was heated in the presence of a
catalyst, it broke up to give two molecules of ethene,
C,H,. one molecule of propene. C H,, and another
molecule, X
(i) Write & balanced equation for the reaction. {2 marks)

(T mark)

d) How would you test ta show the presence of a carbon
carbon double bond in ethene or propene? (2 marks)

Total 8 marks

(if} s molecule X an alkane or an alkene?

3. a) What do you understand by the term ‘polymerisation?

(2 marks)

b) Polychloreethene) {also called PVC) is & palymer
produced from chloroethene, CH = CHCL Draw a length
of PVC chain shawing at lewst three repeating units,

{2 marks)

c) The formation of nylon is an example of condensation
polymerisation: that is, polymerisation happening via a
condensation reaction. Explain what is meant by a
‘condensation reaction’, (1 mark)

d) The formation of nylon-6,6 involves two different
monomers. Draw a bleck diagram to show a shon length
ol nylon chain, including at least two af sach monomer.

{3 marks)
Total 8 marks
. This question & about structural isomerism.

a) What are ‘structural isomers'? {2 marks)

b) Draw the structures of the three isomers of CH.
(3 marks)
¢) Name the straight chain isomer. (1 mark}
Total 6 marks

Ethanal, CH CH OH, can be made by fermentation followed
by fractional disullation, or by the hydration of ethene

a) Describe briefly how an impure dilute solution of ethanol
is made by lermentation (5 marks)

b) State the different bodling points of ethanal and water,
which enabie them to be separated by fractional

distillation (2 marks)

c) Wnite an equation to show the hydration of ethene.
(7 mark)

d) State any two conditions used during the hydration
reaction (2 marks)

e) Explain which of the two processes has the advantage in
terms of:

(i} the use of resources {2 marks)
(i} the canditions wsed {2 marks)
{iii) the speed of productian. {2 marks}

Total 16 marks

ons

Section D: [Juest




Chapter 22: RAMS and Moles

This chapter introduces the ideas that
you need in order to do some simple
chemistry calculations. Don't worry -
the levei of maths involved is very low. 4

Figure 22.1 Each gold har contaims almaost
4% 707" gold atoms. That's 4 Billowed by
25 naughes!

Remember thit sotopes are atoms of the
same elemant. but with different masses
lsatopes are explained in Chapter 2 (page 8)

This 15 a dight approamaton. To be accurate,
each of these hydrogen atoms has 3 mass

of 1.008 on the cartbon-12 scale. For GCSE
purposes, we take it as beng exactly 1.

Chapter 22: RAMs and Moles

You can make iront Il sullide by heating @ mixture of iron and sulfur,

Fefs) + S(1I) — FeS(s)

How do you know what proportions to mix them up in? You can't just mix equal
masses of them, because tron and sulfur atoms don't weigh the same, [ron atoms
contain more protons and neutrons than sulfur atoms. soan fron atom s one and
three-quarters times heavier thar a sulfur wom. In this or any other reaction, you
can get the proportions right only i you krnow about the masses of the individual
atoms taking part.

Relative atomic mass (RAM or A)
Defining relative atomic mass

Atoms are amazingly small. In order 10 get a gram of hydrogen, you woukd need 10
count out AO2Z, 204 500.000,000,000,000,000 sdoms (1o the nesrest
TODROOD OO0 000N TN,

1t would be silly to measure the masses of atoms in conventional mass units such
as grams. [nstead, thelr masses are compared with the mass of an mom of the
carbon-12 sotope. taken as a standard. We call this the earbon-12 scale.

On this scale. one atom of the carbon-1 2 isotope weighs exectly 12 units
An atom of the commonest isotope of magnesium weighs twice as much as this,

and is therefore saxid 1o have o relative isotopic mass of 24,

An atom of the commonest isotope of hydrogen weighs only one-twelith as much
as a curbon-12 stom. and so has a relative isotopic mass of 1.

12 "H atorms kave the same mass as..

oy 1 7C atom

Flgure 22.2 The cammanest bygragen atam wwghs ane-twelfth ac mueh asa “C atam

The basic unit on the carbon-12 scale is 1/12 of the mass of a "*C atom -
approxtmately the mass of the commonest Iiydrogen atom. For example, a
fluorine-19 atom has a relative isotopéc mass of 19 because its atoms have a mass
19 times that basic unit.

The relative atomic mass (RAM ) of an element (as opposed to one of its isstopes)
is given the symbol A_and is defined like this:

The relative atomic mass of an element is the weighted average mass of the
isotopes of the element. It is measured on a scale on which a carbon-12
atom has a mass of exactly 12 units.



Explaining the term ‘weighted average’

In any sample of chlorine, some atoms have a relative mass of 35, and others have
a relative mass of 37. A simple average of 35 and 27 is, of course, 36 —but that
isn’t the relative stomic mass of chlorine. The problem is that there aren't equal
numbers of *Cl and “Cl atoms.

A typical sample of chlorine has: uCl 75%
Cl 25%

1f you had 100 typical atoms of chlorine. 73 would be CL and 25 would be 7ClL

The total ma= of the 100 atoms would be (73x33)+(25x37)
3330
The average mass of one atom would be 33300/ 100

= 335.5

The wetghted average is closer to 35 than to 37, because there are more Clatoms
than *Cl atoms. A weighted average allows for the unequal proportions.

35.5 is the relative atomic mass (RAM) of chlorine.

More examples of calculating relative atomic masses
Magnesium
The isotopes of mragnesiom and their percentage sbundances are:

Mg TR.6%
Mg 10.1%
MMg 11.3%

Again, assume that you bave 100 typical atoms.

The 1otal mrss would be I7RAX 24+ (10,1 x25)+(11.3 x 26)
= 24327
The RAM would be 2432.7/100

24.3 (1o three significant ligures)

The relative atomic mass of magnesium is 24,3,

Lithium

The abundance data might be given in & different form. You might get a graplh,
with the most common sotope being given a relative abundance of 100 and the
others quoted relative to that.

100 100
”-

80
70
60

2 301

B w‘
0 -

2 20
10 a0

i}

‘TR E 2 A
relative Isatopic mass
Figure 22 4 Relathe abundance data.

Flgure 22.3 The masses of fowr typical chiorine
atons - the average of these wn't 36

The anginal percentages are quoted to
only three significant ligures. You musin't
qQuate your arswer army more accurately. As
a general guide at GCSE, if in doubt quote
armswers Lo three ggnificant ligures. You
arent oty to be perabsed for doing that.

: RAMS and Moles

Chapter 22




Chaptef 22: RAMS and Moles

This Time you can only qUOTE your answer
to two significant figures because one of
the refative abundances s onky given 0

two figures.

Avard the termn ‘relatove molecular mass'
because it can only properly be apphed 10
substances which are actually molecules - in
othet words, 1o covalent substances. You
shouldn't use it for things like magnesum
xide of sodwim chlonde, which are jonic
RFM covers everything,

You will never hinee to remernber RAMS
They will always be given Lo you it an exam
= gither in the question, or on the Petiodic
Table i you use a Periodic Table, be sure
to use the right number! [twill slways be
the larger of the two numbers given.

You will find the RAM of copper quoted
variously as 64 or 3.5 In an exam, just use
the value you are given.

In this case. there would be 8.0 atoms of "Li for every 100 of L.

The total mass of 108 atoms would be IR0 X B+ (100 x 7|
= 748

The average mass of one atom Ithe RAM) = -ﬁﬁ-
= 69

The relative atosmic mass of lithium is 6.9,

Relative formula mass (RFM or M)

You can measure the masses of compounds on the same carbon-12 scake. For
example, it turns out that a water molecule. H 0, has a mass of 18 on the “C scale.
Where you are talking about compounds, you use the term relative formula
mass |RFM ). Relative [ormula mass is sometimes called relative molecular

mass (RMM )

Relative formula mass is given the symbol M,

Working out some relative formula masses

To find the RFM of magnesivm carbonate, MgCO,

Relative atomic masses: C = 12: 0= 16 Mg = 24

All you have to do is to add up the relative atomic masses to give you the relative

formula mass of the whole compound. In this case, you nead to add up the masses
of TxMg 1 xCand 3x0,

KM =24+ 12+(3x16}
= X84

To find the RFM of calctum hydroxide, Ca(OH),

Relative istomic massess H= 1; 0= 16; Ca =40

RFM =40+ (16+ 1) x2
=74

To find the RFM of copper(1l) sulfate crystals, CuSO -5H 0

Relative stomic massess H=1: 0= 16; § = 32: Cu = 64

RFM =64+32+ 416 +5x[I2x 11+ 1R]
=250

Most people have no difticulty with RFM sums until they get 1o an example
involving water of crystallisation (the SH_ () in this example). SH 0 means 5
molecules of water - so to get the total mass of this, work out the REM of water
(18} and then multiply it by 3. It is dangerous to do the bydrogens and oxygens
separately. The common mistake is 1o work out 10 hydrogens (quite correctly?). but
then only count T oxygen rather than 5.



Using relative formula mass to find percentage composition

Having found the relative formula mass of a compound. it is then easy to work out
the percentage by mass of any part of it, Examples make this clear

o find the percentaye by mass of copper in copper(11) oxide, Cu0
Relative stombe masses: 0= 16; Cu = 64

RFM of Cu)

Hd + 16
830

(M this, 64 §s copper.
= —'-'-L < Lo

FPercentage of copper T
bl

-

o tind the percentage by mass ol copper in malachite, CuCO_Cu(OH),
Relative stombe masses: H= 1, C=12:0=16; Cu = 64

RFMof CuCOD CulOHEL=64+ 12+ (3 X161+ hd+ 2 <16+ 1)

= 17

(O this. (2 % (d) is copper

Percentage of copper Figure 22.5 Malachvée 1z a copper ore. You can

think of It as be=hawving ke a mixture of copper{il)

cartonale and coppe(li) hydroxide,

l'o tind the percentage of water in alabaster, CaS0_ 21,0

Relative mtomic masses: H= 1: 0= 16 S= 32 Ca= 40

RFM of alabaster A0+ 32+ (4 x16)+2X[(2x 1)+ 16]

]-‘)

O this. 2 {12 x 1)+ 16]is water, That's 36
. M
Percentage of water = —l“:ﬂ— < 100}

= 20.9%

The mole

In Chemistry, the mole is a messore of amount of substance. A moke is a

particular mass of that substance, You ciam use such expressions as:

@ o mode of copper(ll) sulfite crystals. CusSO, SH.O

® o moke ol oxypgen was, 1,

79
o

@ (1.1 mode of zine oxide, Zn0) o
CatQ 2H O, s awh

Figure 22.6 Alabaste,
muneral which ¢ easily canved

® 7 moles of magnesium. Mg
I'he abbreviation for moke: is mol

You lind the mass of 1 mol of a substance in the ollowing way.

Work out the relative formula mass, and attach the unirs, grams.




Chapter 22: RAMS and Moles

Figure 22.7 T moiz of copper(li) suifate crystals,
CuSO,5H 0

Working out the masses of a mole of substance
1 mole of oxygen gas, O,

Relative atomic mass: 0= 16

RFM of oxygen, O, =2x16
32
I mole of oxygen. O, welghs 32 g,
1 mole of calcium chloride, CaCl,
Relative atomic masses: Cl= 33.5: Ca = 40
RFM of Cadl, =40 +(2x35.5)
=111
I mole of cakclum chloride welghs 111 g
1 mole of iron(Tl) sulfate crystals, FeSO_7H.O
Relative atomic masses: H= 1, 0= 16; 8 = 32:Fe = 5h

RFM of crystals =56+ 32+ 416+ Tx[I2x 1)1+ 16]
8

5
X
27

I mole of iromill) sulfate crystals weighs 2783,

The importance of quoting the formula

Whenever you talk about a mole of something, you must guote its lormula,
otherwise there is the risk of confusion

For example. If you talk about 1 mole of oxygen. this could mean:

® [ moleof oxygen atoms. (), weighing 16 g

® [ mole of oxygen molecules, (0, weighing 32,

Or, if you were talking about I mole of coppert]l) sulfate, this could mean:
® [ mole of anhydrous copperti} sulfate. CuSO, (160g)

@ | mole of copper(ll) sulfie crysials, CuS0, 5H,0(250g)

Simple calculations with moles
‘ou need to be able 1o interconvert between a mass in grams and a number of

moles for a given substance. There is a simple formula that you can learn:

mass (g)
mass of 1 mole (g)

number of moles =

You can rearrange that to find whatever vou want. Il rearranging this expression
causes you problems, you can learn a simple triangular arrangement, which does
the whole thing for you.



mass (g} mass {3)
number hsdl number X mass of |
of moles male {g) of moles male (g)
the basic triangle mass (g) = number of moles x mass of | mole (g)
nass (g) mass {g)
number mass of | number mass of |
of moles male (g) of moles mole (2)
__ mss(g) — 1)
nuraber:of Inoles mass of | mole (g) mass of Y mole (g) = number of moles

Flgure 228 Canwvtang butwenn mass In grams and number of males

Look at this carefully, and make sure that you understand how you can usc it to
work out the three equations that you might need.

Finding the mass of 1.2 moles of calcium carbonate, CaCO,

Relative atomic masses: C=12: 0= 16; Ca = 40

First fnd the relative foroula mass of calcium carbornare.

RFM of CaC0), =4+ 12+13x16)

=100
1 mol of CaC0, weighs 1003,

mass () = number of moles x mass of 1 mole (g)

=0.2xI00g
=20g

0.2 moles of CaC0), has a mass of 20g.
Finding the number of moles in 543 of water, H,0
Relative atomic masses: H= 1. 0= 16

1 mol of H,0 weighs 18 ¢,
mass ()
mass of 1 mole (g)

54

18

Number of moles =

= 3Imol

34 of water is 3 moles,

Don't ges toa eliant an leaming formudae for
warking cut simple cakulabions i | male
wrighs 100 g, it shoukd be fairky cbviows to
you that 2 moles will weigh twace as much,
10 moles wall weigh 10 times as much. and
0.2 moles will woigh 0.2 times &6 much,

And here, iIf 1 mole weighs 18 g than it
<eerrs faldy abwsous that you need to find
o how many tmes 18 goes into 54 to find
out how many moles you have. On the ather
hand, iIf you feed safer using a formuda, use

it All that matters & that you get the answer
nght
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Chapter 22

Figure 229 7 x 70 water maleculey o over
Miagara Falls ewery second during the wimmer
That's 100 mion mlien mion mwiven miion
water mofecties per sevond.

Remember: Number of moles 1€ mass in
grams divided by the mass of 1 moke in
grams.

Moles and the Avogadro constant

Suppose vou had T moke of “C, It would have a mass of 12 g and contain a huge
number of carbon atoms — in fact, about 6 x 1047 carbon atoms - that's 6 followed
by 23 noughts. This number of atoms in 12 g of °C is called the Avogadro
constant.

| mole of anyvihing else containg this same number of particles, For example;

@ | mole of magnesium contains 6 ¥ 1OF magnesium atoms, Mg. and has a mass
of 24¢

® [ mole of water contains 6 % 10°* water molecules, H,0, and has a mass of 18g

® | mole of sodium chloride contains 6 % 1077 formula units, NaCl, and has 2 mass
of 38.5 g (you can't say ‘molecules of NaCl' because sodivm chloride is ionic)

@ [ mole of oxide lons contains A x 107 () jons and has amass of 162
® [ moleof dectrons contains h X 10°° elevtrons,

Using moles to find formulae
Interpreting symbols in terms of moles

Assume that you know the formula for copperni) oxide. for example. The formula
is Cuf.

When you are doing sums, it is often uselul 1o interpret o symbol as meaning more
than just ‘an atom of copper’ or “an atom of oxygen’, For calculition purposes we
take the symbol Cu 1o mean 1 mole of copper atoms.

In a formula, 'Co’ means ‘64 g of coppet’, ‘0" means '16 g of oxygen' IRAMs: O =
16, Cu = 64), So in copper(l) oxide, the copper and oxygen are combined in the
ratho of A4 g ol copper to 16 g of oxygen,

You can read a formula like H,0 as meaning that 2 moles of hydrogen atoms are
vombined with 1 mole of oxygzen atoms. In other words, 2 g of hydrogen are
combined with 16 g of oxygen (RAMs:H= 1; 0= 16).

Working out formulae
The formula for magnesium oxide

Suppose vou did an experimert 10 find out how much magnesium and oxygen
rescted together 1o form magnesivm oXide. Suppose 2.4 g of magnesium combined
with 1.6g of oxygen. You can wse these figures 1o Hnd the fovmula of magnesium
oxide (RAMs: O = 16; Mg = 24— see Table 22.1.

Mg 0
combining masses (g| 24 L6
number of moles of atoms  2.4/24  1.6/16
= 010 010
ratio of moles [ 1:1
simplest formula | Mz0)

Table 22.1: finding the formula of magnesum oude.



This simplest formula is called the empirical formula. The empirical formula just
tells vou the ratio of the various atoms, Without more information, it isn't possible
o work out the 'true’ or ‘molecular’ formuls, which could be M;.',_,H_, Mg O, et
For ionic substances, the lormula quoted is always the empirical formula,

The formula for red copper oxide

You might get the data in a more complicated form, This example is about a less-
common form of copper oxide, [l hydrogen is passed over the hot oxide. it is
reduced to metallic copper.

Mass of empty tube =522g
Mass of tube + copper oxide (before expertment) = 6h.6g
Mass of tube + copper (after expertment | =h3.02

The tube loses mass because oxygen has been removed from the copper oxide,
leaving metallic copper.

Mass of oxyyen = hhb6-h50= 1 hHyg
Mass of copper =/3.0-52.2=128¢

Now you have all the information to find the empirical formula IRAMs: 0 = 16: Cu

Ca O
combining masses (g) . 128 1.6
number of moles of atoms 12 8/64 1.6/16
= .20 0,10
ratio of moles 2:1
simplest formula (u,0

Table 22.2: Finding the formula of red copper onde

Working out formukee using percentage composition figures

(hten, figures for the compound are given as percentages by mass. For example:
Find the empirical formula of a compound containing 85.7% C, 14.3% H by mass
IRAMs:H=1:C= 12

This isa't a problem! Those percentage figures apply 1o any amount of substance

vou choose — o choose 10D In which case, the percentages convert simply into
masses, 83. 7% of 100gis 83,7 ¢ (Table 22,2

C H
given percentages (%) 85.7 14.32
combining masses in 100 g 85.7 14.3
number of moles of atoms 85.7/12 14.2/1
= 714 14,3
ratio of moles 1:2
simplest (empirical) formula CH,

Table 22.3: Finding the ratia from peroentage by mass

Figure 22.10 Cry=tais of the copper-containing
minesal cupnlte, Cu O

Usually the ratso will be fairly obsous, but
you can't spat it 3t ance. divide averything by
the smallest number and see if that helps
Sometimes, you may find that & mbio comes
ot as, for example, 1:1 5 In that case. alt you
have ta do % double both numbers to gve
the rue o of 23
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Flgure 22.11 AN of thews haa an empinaal
formuda CH,

Even haying got the molecutar formula
you still don't knaw the structure, There
are soveral isomess of C H_ lsomenism s

dscussed n Chapter 18, pages 153154
A —

barlum chloride crystals

crucible —~J; l .r

pipechsy

Figure 22.12 Mealng barnum chlarde crysta’s m a
oricile

208 ke the REM of BaCl, 1815 the RFM of
water Chack them if you aren't sure. I
——

Converting empirical formulae into molecular formulae

In the example we have just looked at, CH, can’t possibly be the real formula of the
hydrocarbon — the carbon would have spare unbonded electrons. The molecular
formula (the true formula) would have to be some multiple of CH, like C_H, or
C,H . or whatever - as bong as the ratio is still 1 carbon to 2 hydrogens.

You could find the modecular formulaif vou knew the relative formula mass of the
compound (or the mass of 1 mole — which is just the REM expressed in grams),

In the previous example, suppose you knew that the relative formula mass of the
compound was 36,
CH, has a relative formula mass of only 14 (RAMs: H= 1:C=12).

AII you need 1o lind out is how mamy times 14 goes into 56.

14 =4

s0 you need four lots of CH,

in other words. C H .

The molecular formula is C H

Empirical formula calculations involving water of crystallisation

When some substances crystallise from solution. water bevcomes chemically bound
up with the salt, This is called water of crystallisation. The salt is said to be
hydrated. Examples include CuSO - SH,0 and MgCl-6H 0.

Finding the nin BaCl_nH,0

When you heat a salt that contains water of crystallisation, the water s driven off,
leaving the anhydrous salt behind. Hydrated barium chloride is a commonly used
example, because the barlum chloride itsell doesn't decompose even on quite
strong heating.

1f you heated barium chlonide crystals in a crucible you might end up with these
resulls:

Mass of crucible =30.00g
Mass of crucible + bartum chiloride crystals, BaCLwH, 0 = 32,449
Mass of crucible + anbyvdrous Barium chloride, B.M =32.08g

To find n. you need to find the ratio of the number of moles of BaCl, to the number
of moles of water. It's just another empirical formula sum (RAMs H=1: (1= 16;
Cl=355Ba=137)

Mass of BaCl, = 3208-30.00= 208y

Mass of water =3244-32,08=03hg

[ B 0 2 2
combining masses (g) | 208 | D36
number of moles | 208/208 | 036/18
= L ool | o
ratio of moles | k2

stmplest lempirical) formula BaCl-2H 0

Table 22 4: Finding the noan 8aClonH O,
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End of Chapter Checklist

You should now be able to:
define relative atomic mass

calculate the relative atomic mass of an element from information about the relative abundances

of its isotopes

calculate relative formula mass and use it to find percentage composition
know how to work out the mass of a mole of a substance

understand what is meant by the Avogadro constant
convert from moles to mass and vice versa

calculate empirical and molecular formulae
calculate the nin a formula of the type salt:-nH_O".

Questions

1 Caleulate the relative atomic miss of gallium given the 5
percentage abundances: ¥Ga 60.2%, "Ga 39.8%.

2 Calculate the relative atomic mass of silicon given:

Relative isotopic mass Relative abundance

28 100
2 510 2
30 336

3 a) Define relative atomic mass.

b) Calculate the relative atomic masses of copper and sulfur
from the percentage abundances of their isotopes. Use
your answers to find the relative formula mass of
copper(l) sulfide, Cus.

¥Cu 69.1%; ¥'Cu 30.9% 7
S 95.0%; S 0.76%; S 4.22%; *S 0.020%.

4 Calculate the relative formula masses of the fallowing
compounds (RAMe H=1,C=12;N=14,0= 16 Na = 23,
S=32,Ca=40;Cr=52 Fe = 56).

a) €O, 8
b) (NH,),50,

€) NaCO-10H,0

d) Cr(SO,),

e) (NH) 50, FeSO,6H,0

K-“'."'\"‘ 5 r‘”’a'j MDD [vV-

Find the percentage by mass of the named substance in each
of the fallowing examples (RAMs H=1,C=12,0=16¢
Mg =24,5=32)

a) Carbon in propane, C H,
b) Water in magnesium sulfate crystals, MgSO,.7H.O.

Wark cut the percentage of nitrogen in each of the fallowing
substances (all used as nitrogen fertilisers) (RAMs H =1, C =
1Z,N=14,0=16;5=32,K = 39),

a) urea, CO(NH,),
b) potassium nitrate, KNO,

Chapter 22

¢) ammonium nitrate, NH NQ,
d) ammonium sulfate, (NH ) SO,

Wark cul the mass of the fallowing (RAMs: H =1, C =12,
N=14,0=16;Na= 23, Pb=207)

a) 1 mole of lead(ll} nitrate, PL{NO )},
b) 4.30 moles of methane, CH,
c) 0.24 males of sadium carbonate crystals, Na CO,10H .0

Howe many maoles are represented by each of the following
(RAMs: H = 1, O w16, S = 32; Fa = 56, Cu = 64):

a) 50g of copper{ll} sulfate crystals, CuSO,.5H.O
b) 1 tonne of iron, Fe {1 tonne is 1000kg)
c) 0.032g of sulfur dioxide, SO,
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9 Some more questions about converting between maoles and
grams of a substance (RAMs: H = 1; O = 16; Na = 23; Cl = 35.5;

Ca = 40; Cu = 64).

a) What is the mass of 4 mol of sodium chloride, NacCl?

b) How many moles is 37 g of calcium hydraxide, Ca(OH),?
¢) How many moles is 1 kg (1000g) of calcum, Ca?

d) What is the mass of 0,125 mol of copper(ll) axide, CuO?

e) 0.1mol of a substance weighed 4g. What is the mass of 1
mole?

f) 0.004 mol of a substance weighed 1g What is the relative
formula mass of the compound?

10 (RAMs:H=1,C=1ZN=14,0=16,Na=23,5S=32,K=39,

8¢ = 80) Find the empirical formulae of the following
compounds, which contained:

a) 585gK;210gN; 480g0
b) 3.22gNa; 4.48g5;336g0
€) 22.0% C; 4.6% H; 73.4% Br (by mass).

11 1.24 g of phosphorus was bumt completely in oxygen to give

2.84 g of phosphorus oxide. Find (RAMs: O = 16; P = 31):
a) the empirical lormula of the oxide

b) the molecular formula of the oxide glven that 1 mole of
the axide weighs 284 g

12 An arganic compound contained C 66.7%, H 11.1%, 0 22.2%

by mass. Its relative formula mass was 72. Find (RAMs: H = 1;
C=12,0~18k

a) the empirical farmuls of the compound
b) the molecular formula of the compound.

13 In an experiment to find the number of molecules of water of

crystaflisation in sodium sulfate crystaks, Na SO, nH O, 2.22g
of sodium sulfate crystals were heated gently. When all the
water of crystallisation had been driven off, 1.42 g of
anhydrous sodium sulfate was left, Find the value for n in the
formula (RAMs: H = 1;0 = 16; Na = 23;S = 32).

14 Gypsum is hydrated caleium sulfate, CaSO_nH 0. A sample of

gyprsum was heated in a crucible until all the water of
crystallisation had been driven off, The following results were
abtialhed:

mass of crucible = 3734g
=4594g
mass of crucible + anhydrous calclum sulfate, CasO, = 44.14g

Calculate the value of n in the formula CaSO,-nH,0
(RAMs: H = 1,0 = 16;S = 32; Ca = 40).

mass of crucibie + gypsum, CaSO,nH,0

15 How many water molecules, H,0, are there in one drop of

water? Assume one drop of water is 0.05cm’, and that the
density of wateris 1g cm* {RAMs: H = 1; 0 = 16; Avogadro
constant = 6 x 107 mal 7).
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Chapter 23: Calculations from Equations

Calculations involving only masses

Typical caleulations will give vou a mass of starting material and ask you to
caleulate how much product you are likely to get. You will alse meet examples done
the other way around. where you are told the mass of the product and are asked to
find out how much of the starting material you would need. In almaost all the cases
you will meet at GCSE. you will be given the equation for the reaction.

A problem involving heating limestone

When limestone. CaC0, is heated. calcium oxide is formed. Suppose you wanted to
calculate the mass of calcium oxide produced by heating 25 g of limestone (relative
atomic masses: C= 12: 0= 16; Ca = 40),

The cakukition

First write the equatton:

CaCo,(s) — CaO(s) + CO.(g)

Interpret the equation in terms of moles - remember that each formula represents
1 mole of that substance:

1 mol CaCO, produces 1 mol CaO) (and 1 mol CO_)
Substitute masses where relevant;
100 g (T mol) CaC0, produces 56 g (1 mol) Cal

(Notice that we haven't calculated the mass of carbon dioxide. In this question you
aren't interested in ity so working it out is just a waste of time - and potentially
confusing |

Do the simple proportion sum.
If: 100 g of calcium carbonate gives 56 g of caldium oxide
1 g of calcium carbonate gives _I%% w ol calcium oxide = 0136
23 g of calcium carbonate gives 25 x 0,50 g of calcium oxide
= 14 g of calcium oxkie
A problem involving the manufacture of lead

Lead s extracted from galena, PHS. The ore is roasted In air to produce lead(Il)
oxide, P,

2PbS(s) = 30,(g) — 2PbO(s) - 250 (g)

The leadi ) oxide §s then reduced to lead by beating it with carbon in a blast lurnace.

PbO(s) + C(s) — Pb(l) + COg)

Section E: Chemistry Calculations

This chapter shows how you can use
maoles to work out the amounts of
substances taking part in chemical
reactions. Before you start, you must
be confident about relative formula
mass (RFM) and how to do simple
sums with moles. If you aren't, first
read pages 178-181 in Chapter 22.

v

Y5

Figure 231 A glowing Menegane chip

The RFM of CaCO, 1< 100, and the RFM of
Ca0 is 56 Work them out!
T

Your maths may be good enough that you
don't need to take all these steps to gt to the
arswet If you can do it mare quickly that's
fine. You must, however, still show all your
warking

When you have limshed a chemistry
calculation, the impression shaukd neardy
always be that theye are a bot of words with

a fews numbers scattered between themn -

not vioe vena

Ty
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Chapter 23: Calculations from Fguatans

Figure 232 Moiter lead tapped from the ballon
of a fumace

You could save yourself the bother of
thinking about it by not simplifing ths. That
would cost you & Stle bit of extia anithenetic,
because pou would have o multiply
everything by 2. Do it whichever vary seems
besst 10 you.

If you need the practice, work out the RFMe
for yourself

We've doubled the second equation so that
we can tace what happens 1o all the 2P60
fiom the fiist one.

The molten lead is tapped from the bottom of 1he furnace,
Calculate:
(1) the mass of sulfur dioxide produced when T tonne of galena is roasted

() the mass of lead that would eventually be produced from that | tonne of
aalena.

(Relative atomic masses: O =16 8= 32: Ph=207.)

Calcukation part {i)
First write the equation:
2PbS(s) « 30 (g) — 2PbO(s) + 250 (g)
Interpret the equation in terms of moles
2mol PBS produces 2mol S0, (the others aren’t importam for this calculation)
or. more stmply:
I mol PbS produces 1 mol S0,
Substitute masses where relevant;
239 g PbS produces 64 g 801,

Now there seems to be a problem, The question is asking about tonnes and not

arams. You coukd work out how many grams there are in a tonne and then do hard
sums with large numbers. However, it's much casier to think a bit, and realise that

the ratio is always going to be the same whatever the units - sothat ., |
I 239 g PbS produces 64 g S0,
them: 239 tonnes PUS produces 64 tonnes S0,

Do the simple proportion sum:

I 239 tonnes PES produces 64 tonnes 80,
3 ' - Y i - _h.‘i_ q - T N
ther: 1 tonne PbS gives 555 tonnes S0_= (1.268 tonnes S0,

Calcularion part {(b)

First write the equation - this time there are two equations to think about:

2PbS(s) « 30,(g) — 2PbO(s) + 250 (g)
PBO(s) + Cfs) — Ph() + COlg)
Interpred the equation in ferms of moles — trace the lead through the equations:

2 mal PbS produces 2mol Pb()
2 mol PO} produces 2 mol Pb

In other words, every 2 mol of PhS produces 2 mol of lead.



Substitute masses where relevant — it this case, the relevant masses are only the
PhS and the linal lead.

2 x 239 g PbS produces 2 x 207 g 'b

478 ¢ PbS produces 414 ¢ Pb

Six

478 tonnes PbS produces 414 tonnes Pb

Do the simple proportion sum:

I 478 tonnes PHS produces 414 tonnes Ph
then: 1 tonne PbS gives 3 -L’- tonnes Pb = (1.86A tonnes
0.866 tonnes of lead is pmduwd from 1 tonne of galena.

Calculations involving gas volumes
Units of volume

Volumes (of gases or Iguids) are measured in: cubke centimetres (em®)
or  cubk decimetres (dm?)
or  litres|l).

1 litre = 1dm’* = 1000cm’
Avogadro's law:

Equal volumes of gases at the same temperature and pressure contain
equal numbers of molecules,

This means that il you have 100cm’ of hydrogen at some temperature and
pressure. it contains exactly the same number of molecules as there are in 10OCm?
of carbon dioxide or any other gas under those conditions — irrespective of the size
of the molecules.

A simple use of Avogadro’s law is 1o show that the formula of water is H 0O,

I you electrolyse dilute sulfurke acld using carbon electrodes. hydrogen and oxygen

are produced, with twice the volume of Eydrogen as of oxyaen. If you make several

assumptions, you can show that this Is consistent with an empirical formula for
ater of H,O

You have to assume that the sulfuric acid itselll isn't changed by the electrolysis tin
fact, it just gets more concentrated). and that hydrogen and oxygen are both
diatomic molecules, H, and 0,

If you have twice the volume of hydrogen, according 10 Avogadro, you have twice
the number of moelecules, Because both sorts of modecules are diatomic. vou must
have twice the number of hydrogen atoms as of oxvgen atoms. [n other words, the
empirical formula of water must be T ,0. This doesn’t, of course, prove anything
about the molecular formuk of the u.ncf. which could be H,0. H O H 0, and

SO On.

Onee again, you could veell save a bit of trme
here by realising that if Zmol PbS produces
2ol Pb, that's sxactly the same as 1 maol PBS
preducng 1 mol Pb. That would save you
having ta multiply two numbers by 2. On the
other hand, you would have to think!

If you want o talk sbout 1000cm”, the cubx:
decimetre & the preferred unit rather than
the litre, but it doesnt actually matter.

‘\

’__s

Figure 23.3 Three xdentical fiasks containng

differant gases ot the same temperctune and
pressure all contaim equal mambers of molecuies

This isn't a very satsfactory expenment.
Withous also proving your assumptions. you
can't mally use it 1o show that water is H O
Praving that lydrogen and owypgen are bath
datarmic, and that electralysing sulfunc aod
doesn't change the acid, sn't easy And unless
you aka haw that the refative foomula mass
of water is 18, you can't prove the moleculas
formula ampwsy

from Equations

alcutations
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This 1= by far the most important
consequence of Avogadios liw

The abbreaation rtp is commanty used for
room termpevatiee and pressure’

See Figure 98 page 73

Chapter 23: Calculations from Eguations

Flpure 23.4 Sholls of sea covatuves auch as Umpers
are mage of cakwm carbonate, CaCo_ If they
were 100X pare, | g of shells wow'd react with
hydrochion: aod to give 0.24dm’ of corbon
daxice

The molar volume of a gas

I mole of any gas contains the same number of molecules and so ovcupics the
same volume as 1 mole of any other gas at the same temperature and pressure.

The volume occupied by 1 mole of a gas is called the molar volume, At room
temperature and pressure, the molar volume is approximately 24dm’
(24000 em™,

1 mole of any gas occupies 24 dm* (24,000 cm?) at rtp.

Simple calculations with the molar volume
Calcukating, the yolume of a given mass of gas
Calcukne the volume of 0.01 g of hydrogen at rip (relative atomte mass: H = 1)

Imol H, hasamassof 2g

0.01 g of hydrogen .s’-"&!l mol = 006035 mol

1 mol of hyvdrogen occupices 24,000 0m°

0,005 mol of hydrogen occupies 04605 x 24 000¢m’ = | 200m*

Calculating the mass of a given volume of gas

On 6 May 1937, the airship Hindenburg caught Hre and 36 people died, Suppose
an airship contained 130,000 cubic metres of hydrogen (a littde bit less than the
Hindenburg). We can caleulare the mass of this bydrogen

[E0.000 cubic metres is TSOMNO.000dm*. Assuming the 2as was at room
temperature and pressure, cach 24 dm’ represents one mole of hyvdrogen

1S0.000.000
24

7,500,000 mol
Each mole of hiydrogen, H . welghs 2 g (RAM:H= 1),
Mass of hwdrogen = 7500000 % 2 ¢

= 15,000,002

Number of moles of H,

1If you were to convert that into more reasonable units (you wouldn't do that in an
exam!), the mass of hydrogen is 15 tonnes. That's a bt of hydrogen!

Using the molar volume in calculations from equations

Working out the volume of gas produced during @ reaction

Calcukue the volume of carbon dioxide produced at room temperature and
pressure when an excess of dilute hydrochlorie ackd is added to 1.00 g of calcium
carbonate. (You use an excess of acid 1o make sure that all the calclum carbonate
reacts. | (RAMs: C = 12: 0 = 16; Ca = 40, molar volume = 24dm® at rip.)

First write the equation:

€aco)s) + 2HCHaq) — CaCl,(ag) + CO,(g) + H,0(1)



[nterpret the equation in ferms of moles:
I mol CaC), gives 1 mol CO,

Substitute masses and volumes where appropriate. Important The commonest mistake in
: sum of this kind i to work out the mass of
100 g CaCo, gives 24dm’* CO_ a1 rip. | male of CO_ Once you have thas figure of

44 ¢, you feel you have ta do something with

Interpret the equation in terms of moles:

Do the simple proportion sum: it, ard will probably work out the mass of
if: 100 CaCO, gives 24dm’ €O, at rip CO; produced instead of the voluma
- O
then:  1g CaCo), gives T0o X 24dm’
=0.24dm’ :
So 1 g of calcium carbonate gives 0,24dm’ of carbon diovide. 7
A problem involving making hydrogen 5
What is the maximum mass of alumimivm that you could add to an excess of dilute =
hvdrovhloric acid so that you produced no more than 100 cm? of hydrogen af room N
temperature and pressure? (RAM: Al = 27: molar volume = 24,000 cm* at rip.) F‘
What you are being asked s what mass of alumimdum will give 100cm? of ke
hydrogen at rip. pe
First write the equation: m
' You would aimost certainly be gren ths ~
2Al(s) + 6HCl(aq) — 2AICI (aq) + 3H (g) EQUATION IN &N exam &
S—
N
v

2mol Al gives Jmol H,

Substitute masses and volumes where appropriate:

2 x 27g Al gives 3 x 24.000em™ H,
54g Al gives 72.000cm* H,

Do the simple proportion sum:

I 72,000 ¢m* H, comes from 544 Al

then:  1om' H, comes from =5 iy 2 Al = 0000758
and: 100 cm’ H, comes [rom 100 <0000 75 Al =0.0758 Al

To get 100 cm’® of hydrogen, you would need 0.075 g of aluminium.
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Figure 23.5 The flue gas deslfimeation plant at
Orax power slation wses (imestone o remowe suafur
dioxide from the woste gases

I you don't Wee this, there is no reason
wihvg you can't do the sum with 2 moles of
everything

Unfostumately, thes ime you cantwork
drectly in tonnes - you have to wark in
grams. 1 tonne is a malbon grams. 10,000
tannes is 10000000000 grams

It would be much more sensible to do
this in scientdic notabon! 10,000 tonnes is
1x10%g

The volume of SO, then turns out o be
24« 10°dm*

An indusirial example

Coal contains sulfur compounds. When these burn, sulfur dioxide is produced. To
remove it from the waste gases from power statkons, the sulfur dioxide is reacted
with limestone (calcium carbonate} and air.

2CaCo,(s) + 250 (g) + O,{g) — 2Cas0, (s} + 2CO {g)

The cakium sullate produced can be used to make plasterboard for building

The Drax power station uses 10,000 tonnes of crushed limestone every week, We
are going 1o calcubne what mass of calclum suliate s produced. and what volume
of sulfur dioxide the lmestone removes from the fue gases (assuming the sulfur
dioxide s at riph (RAMs: C= 12: 0= 16; S = 12: Ca = 40; molar volume = 24dm’
at rip)

First write the equation:

2CaCO,(s) + 250 (g) + O (g) — 2CaSO (s) + 2CO (g)
Interpred the equation in terms of moles
2mol CaC’0), reacts with 2 mol 80, and produces 2 mol CaSO
That's exactly the same as saying that:
I mol Ca0, reacts with 1 mol SO, and produces T mol CaSO
Substitute masses and volumes where appropriate:

100 g CaCO, reacts with 24 dm’ SO, and produces 136 g CaSO

Do the simple proportion sum for the calclum sulfate:

il 100 g CaCO, produces 1363 CaS0,

then: 10D tonnes CaC0, produces 136 tonnes CaS(),

and: 1 tonne CaCO, produces 1.36 tonnes CaS(0,

50 10,000 tonnes CaCO, produces 10000 x T.36 tonnes CaS0,
= 13,600 tonnes,

10,000 tonnes of calcium carbonate produces 13,600 tonnes of CasSO,.

Do the simple proportion sum for the 8O -

i 100 g CaC0, reacts with 24dm’ S0,

then: 1 CatC0, reacts with 0.24dm* 80,

and:  10,000,000.000 g CaC0), reacts with 10,000.000,0060 < 0.24dm’ SO,
= 2,400.000.000dm* SO,

10,000 tonnes of calcivm carbonate reacts with 2,400,000, 000 dm* SO0,



Calculating percentage yields
What is a percentage yield?

If you caleukate how muck: of a product you might get during a reaction, in real life
you rarely get as much as vou expected, If you expectad to get 100, but only got
30g. your percentage viedd is only 30%. The rest of it has beert lost in some way.
This could be due to spillages, or losses when you transfer a liguid from one
container to another. Or it may be that there are all sorts of side reactlons going on,
so that some of your starting matertals are changed into unwanted products. That

happens a lot during reactions In organic chemistry. Figure 23.6 Experiments done by students to make
and punfy organke compounds rarely give a high i
Calculating how much you would expect to get percentoge yield

You would do the sort of calculations that we huve looked at In this chapter, but
you have to think carefully what vou base your calculation on. When you make
something in the lab, you rarely mix things together in exactly the right
proportions. Usually. something is in excess, and you get rid of the excess (by
filtering it off, for example | when the reaction is complete.

M EGQUATHONS

ons fro

The amount of product you get is governed by the amount of the subgance
you started with which sz’ in excess - and that’s the one you base your
caleulation on.

=
L alcuiat

-
-

Suppose you mix together 10g of substance A and an exvess of substance B, The
actual amount of B s irrelevant because it s in excess. You would work out your
expected mass of product froem the mass of A,

Chapter 23

Calculating the percentage yield

Suppose you work out that 10g of A would give 12.5 g of product, but you only
get 11.2g

The percentage yield is '{12’% % 100 = 89.6%
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End of Chapter Checklist

oA

You should now be able to:

calculate masses of reactants or products from given equations

understand what is meant by the molar volume

use the molar volume to convert between volume and mass for a particular gas
carry out calculations from equations involving masses of solids and volumes of gases

calculate the percentage yield during a reaction.

Questions

1 Titanium is manufactured by heating titanium{iV) chloride
with sodium.

TiCl,(g) + 4Nafl) — Tifs) + 4NaCKs)

What mass of sadium is required to produce 1 tonne of
titanium? {RAMSs: Na = 23; Ti = 48).
2 2,67 g of aluminium chloride was dissalved in water and an

excess of silver nitrate solution was added to give a
precipitate of sitver chloride,

AICI(ag) + 3AgNO (ag) — ANO,) faq) + 3AgCI(s)

What mass of silver chloride precipitate would be formed?
(RAMSs: Al = 27, CI = 35.5, Ag = 108).

3 Calclum hydroxide ls manufactured by heating calclum
carbonate strongly to produce calcium oxide, and then
adding a controlled amount of water 1o produce calclum
hydrowdde
CaCO,[s) — Cal(s) + CO.(g)

CaQ(s} + H,0{l) — CalOH) [s)

a) What mass of calcium oxide would you produce from
1 tonne of calcium carbonate?

b) What mass of water would you need ta add to that
calcium axide?

¢) What mass of calcium hydroxide would you eventually
produce?
(RAMs:H=1,C=12,0=16,Ca~=40)

4 Coppedil) sulfate crystals, CuSO,-5H 0, can be made by
heating copper(l1) exide with dilute sulfuric acid and then
crystallising the solution formed,

a) Calculate the maximum mass of crystals that could be

made from 4.00g of copper(ll) oxide using an excess of
sulfune acid.

CuO(s) + H.S0O {aq) — CuSO {aq) + H,0(l)
CuSO (aq) » 5H,0(l) — CuSO,-5H,0(s)

b) 1f the actual mass af copper(ll) sulfate collected at the end
ol the experiment was 11.25g, calculate the percentage
yield (RAMs: M =1,0= 16,5 = 32, Cu = 64),

Chromium & manufactured by heating & mixture of
chromiumdl i) oxide with aluminium powder.

Cr,0,(s) + 2Als) — 2Cr(s) « ALO [s)

a) Caleulate the mass of aluminium needed 1o react with
1 tonne af chromium(lIl) exide

b) Calculate the mass of chromium produced from 1 tonne
of chramium(lll} oxide.
(RAMs: O = 16, Al = 27; Cr = 52)

If the mineral pyrite, FeS., is heated strongly in air, iron{ll1)
axide and sulfur dioxide are produced. What mass of a)
iran(lIl) oxide, and b) sulfur dioxide could be made by
heating 1 tonne of an ore which contained 50% by mass of
pyrite? {(RAMs O = 16; S = 32; Fe = 56),

4Fes {5} + 110,{g) — 2Fe 0 fs) + 850 (g)
Take the molar volume to be 24dm* (24.000cm?) at rtp.

a) Calculate the mass of 200cm’ of chlarine gas (C1) at rtp
{RAM: Cl = 35.5).

b) Calculate the volume occupied by 0.16g of oxygen (O) at
rtp (RAM: O = 16).

¢} 1F1dm’ of a gas at rtp weighs 1.42g, calculate the mass of
1 male of the gas.

Calculate the valume of hydrogen (measured 3t room
temperature and pressure] which can be obtained by rescting
0.240 g of magnesium with an excess of dilute sulfuric acid,
(RAM: Mg = 24; molar volume = 24,000em” at rtp).

Mg(s) + H,SO (aq} — MgSO,(ag) + H,(g)



9  What mass of potassium nitrate would you have to heatin
order to produce 1.00dm’ of oxygen at rnp?
(RAMSs: N = 14, O = 16, K = 39 molar volume = 24dm* at rtp).

2KNO fs) ~» 2KNO fs} + O,(g)

10 Chlorine can be prepared by heating manganese(lV) oade
with an excess of concentrated hydrochloric acid. What is the

maximum volume of chlonne (measured at room
temperature and pressure) that could be abtained from 2.00g
of manganese{lV) oxide? (RAMs: O = 16, Mn = 55; molar
volume = 24,000 cm’ at rtp).

MnO {s) » 4HCl(aq) — MnCl faq) + Cl (g) + 2H_O(l)

11 (This question koks quite difficult when you fisst read
through it. There is a confusing amount of infarmation, The
secret with a question like this s just to skim quickly through
everything until you get to the actual questions. Look at part
{a) and then read the information abave it to just work out
this part, Then go on to part (b) and do the <ame thing, By
concentrating on just thase bits of the information you
actually need at the time, you will find that the question
Lecomes much easier)

Sodium sulfite, Na SO, oxidises very slowly in the air to form
sodium sulfate, Na SO_. 1.000g of an old sample of sodium
sulfite was analysed to find out how much had been oxidised
to sodium sulfate.

The entire sample was dissolved in water and acidified with
dilute hydrochloric acid, The remaining sodium sulfite reacts
to form sodium chloride and takes na further partin the
reaction.

Na S0 s) « 2HCl(ag) — ZNaCl(aq) « SO g} « H,0(1)

An excess of barium chioride solution was added to the
resulting solution. A white precipitate of barium sulfate was
produced.

Nt SO {aq) + BCl {ax)) — BaSO (s) + 2NaCl(wq)

This was separated, dried and weighed. It was found to have a
mass of 0.328g (RAMs: O = 16; Na = 23;S = 32; Ba = 137).

a) Calculate the number af moles of barium sulfate formed.

b) How many moles of sodium sulfate were there in the
mixture of sedium sulfate and sodium sulfite?

¢) Calculate the mass of sodium sulfate prasent in the
mixture.

d) What percentage by mass of sodium sulfite was left in the
mixture?
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Section E: Chemistry Calculations

The caleulations in this chapter are
similar to those in Chapter 23, but
with an added twist because of the
electrons invoived in electrolysis
equations. It is important that you are
confident about ordinary calculations

from equations before you go on. /

You may find this written in symbols using Q@
for the quantity of electncity, / for the current
inamps. and t for the tme in seconds:

Q sfxt

1 laraday is more accurately quoted o
56,500 coulombs. Use whichever value you
are given ina question
EEmccE—

Chapter 24: Electrolysis Calculations

How to interpret electrode equations
Moles of electrons

Magnesium is manufactured by electrolysing molten magnesium chloride.
Magnesium s produced at the cathode (the negative electrode ! and chlorine at the
anode (the positive clectrode). The electrode equations are:

Mg*(1) + 2&- — Mgfl)
2CIHl) = Cl(g) + 2e
In terms of moles, you can say:

@ | mole of Mg jons gains 2 moles of electrons and produces 1 mole of
magnesinm, Mg

® 2 moles of C1 lons form 1 mode of chlorine, O, and redease 2 moles of electrons.
When vou are doing calculations, you just read  as ‘1 mole of clectrons’.
Quantities of electricity

The coulomb is o measure of quantity of ckectricity. 1 coulomb is the quantity of
electricity which passesif 1 ampere tamp) Hows for 1 second,

Number of coulombs » current in amps x time in seconds

So, il 2 amps lows for 20 minutes, you can calculate the quantity of electricity
(nol lorgetting fo conver? the time into seconds) as:

Quamtity of electricity = 2 x 20 x 60 coulombs
= 2400 coubombs
The Faraday constant

A flow of dectricity is a flow of electrons. 1 faraday ks the quantity of electricity
which represents 1 mole of electrons passing a particular point in the circuit —in
other words approximately 6 x 1047 glectrons.

1 faraday = 96,000 coulombs

Interpreting electrode equations

In electrolysis calculations, you are usually only interested in the quantity of
electricity and the mass or volume of the product. For example:

Na'(l) + e — Naf(l)

I mole of sodium, Na, is produced by the flow of 1 mole of dectrons (= 1 faraday).
Cu*(aq) + 2e - Culs)

1 mole of copper, Cu, is produced by the tlow of 2 moles of electrons (= 2 faradays).



[t takes twice a8 much electricity 1o produce o mode of copper as it does a mole of
sodivm, That's because the Co®* ion carries twice the charge, and needs twice as
many electrons to neutralise it.

2C1(1) — Cl,{g) + 2¢

1 mole of chlorine, CL,, is produced when 2 moles of electrons (= 2 faradays) flow
around the circuir.

Some sample calculations
Electrolysing copper(ll) sulfate solution

What mass of copper is deposited on the cathode during the electrolysis of
copper( 1) sulfate solution il 0,15 amps flows for 10 minutes?

! o bubbles
M of oygen
~——copperill)

sulfate
solution

Figure 242 Eiectralyzing copper{il} suifate solution

The electrode equation is:

Cu'(aq) = 2e- — Culs)
IRAM: Cu = 64, 1 faraday = 96,000 coulombs.)
Start by working out the number of coulombs;

number of coulombs = amps < time in seconds
=0,15x 10 x AD
=9

Now work from the equation:
Cu''(aq) « 2e- — Culs)

2 mwles of electrons give 1 mole of copper. Cu
2 % 96,000 coulombs give hd g ol copper
192,000 coulombs give 64 g of copper

90 coulombs give W%’m x6d=002g

A calculation involving gases

During the electrolysis of dilute sulfurie acld using platinum electrodes. hydrogen 1s
released at the cathode and oxygen at the anode. Caleulate the volumes of
Eydrogen and oxygen produced {measured o room temperature and pressure i
1.0 amp flows for 20 minutes.

cathade Ina
different cell

dunmst I

Figure 24.1 Each sodivn ron needs one electon
frorn the cathode fo neatralise &5 change. sach
COPPRr ion novds twice that number

The 60 converts minutes into seconds

1F you aren't happry wath the last ine, work
out what 1 coulomb produces by diiding 64
bry 192,000, and then multiply by 50

uauaons
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Flgure 243 Apparatus for electralysing dilute
sulfuric acld and measurmng the walume of gaswes
produced

Ifyou nead help: deade 96,000 by 108 to find
out haw many covlombs you need for 1 g of

silver: Then multply by 0.5 1o find how many
you need for 0.5g

e——

The electrode equations are:

ZH'(aq) + 2e — H,(g)

40H (aq) —+ 2H_.O(I) + O (g) + 4e
(The molar volume of a gas = 24.0000m at rip: | raday = 96.000 coulombs. |
Again, start by working out the number of coulombs:

number of coulombs = amps < time in seconds
= 1.0x 20 A}
= 1200

Calculating the volume of hydrogen

2H'(aq) + 2e — H (g)

2 moles of electrons give 1 mole of hydrogen, H,

2 % 96,000 coulombs give 24, 0000m* of hydrogen at rip.
192,000 coulombs give 24,000 cm’ of hydrogen at rip,
1200 coulombs give i X 24,000 = 1 50cm?

Calculating, the volume of oxygen
40H (aq) — 2H_0()) + O (g) + 4e

A flow of 4 moles of electrons produces 1 mole of oxygen, 0,

4 x 96,000 coulombs produces 24.0000m’ of oxyaen

184,000 coulombs produces 24.0000m” of oxvgen

1200 coulombs produces % X 24,000 = 75cm?

Therefore, 1300m® of hydrogen and 75 cm® of oxygen are produced.
A reversed calculation

How long would it talke 1o deposit 0.500g of silver on the cathode during the
electrolysis of silver(l) nitrate solution using a current of 0,250 mp? The cathode
equation is:

Ag'(aq) + e - Agls)
(RAM: Ag = 108: 1 faraday = 96,000 coulombs. )
I mole of clectrons give 1 mole of silver, Ag.
96,000 coulombs wive 108 g of silver,
To produce 0.500 g of slver yvou would need -uﬁ%L X 96,000 = 444 4 coulombs.
number of coulombs = amps X time in seconds
4444 =0250x1
b =035
= 1780s

Thee time needed 1o deposit 0,300 g of silver is 1780 secomds,



Electrolysing more than one solution

Suppose you have two solutions connected together in series. so that the same
quantity of edectricity flows through both,

— -C' 12v O——-___._

N

' | | carbon
— - wlectrodes
e sibver(l) nitrate
solutan

Figure 24.4 Einctrolysing more than one sittion.

At the end of the electrolysts, 1t was found that 2.07 g of lead had been deposited
on the cathode in the lefi-hand beaker.

fa) Calculate the quantity of electricity that passed during the experiment.

1) Calcukate the mass of silver that was deposited on the catbode in the right-hand
beaker. (RAMs: Ph = 207: Ag = 108; | Laraday = 96,000 coulombs.)

)
Pb’(aq) + 2¢" — Pb(s)
2 moles of electrons give 1 mole of kad. P
2 % 96,000 coulombs give 207 g of lead

if: 192.000 coulombs give 207 g of lead
then: 1920 coulombs give 2.07 g of lead.

The quantity of electricity that passed = 1920 coulombs,

by 1If 1920 coulombs passed through the beaker containing the leadiil) nitrate
solution. then exactly the same amount passed through the rest of the circuit.

Ag'(aq) + e — Agls)
1 mole of electrons give 1 mole of silver. Ag
96,000 coulombs give 108 g of silver
1920 coubombs give 9—:‘%,%;( 108 =2.16g
The mass of silver deposited is 2.16 g
An altermative way of solving part (b)

1f you weren't asked 10 find the guantity of electricity in part lal. vou could do part
1b) much more easily without knowing anything at all about the Faraday constant
or even about coulombs.

Lauans
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How do you know which methad to use?
Inan exam, look at the infformation you are
given Il you are given a vakue for the Faraday
canstant (96,000 coulambs), then you would
be expected 1o use iU If you aren't given i,
there must be anather way ol solving the

problem.

Thes tune, you aren't grven the Faraday
constant. There must be ancther wary!

Look again at the equadions:
Pb*(aq) » 2e' — Pb(s)
Ag'(aq) + e — Ag(s)

If 2 moles of dectrons flow, you will get 1 mole of kad and 2 moles of silver.
Homever many edectrons ow, you will always ger twice as many moles of silver as
of lead,

In this calvulation. 2.07 g of lead were formed, which is 0.01 mol.
You will therelore get 0.02mol of silver = 0,02 x 108 = 2165,

A similar example involving just one solution

During the dectrolysis of concentrated copper! L) chloride solution, 3.2 ¢ of copper
was deposited at the cathode, What volume of chlorine (measured at rip) would be
formed at the anode? (RAM: Cu = 64 molar volume = 24,0000m” at rip).

The elevtrode equations are:

Cu”(aq) + 2e” — Culs)
2CHaq) - Clg) + 2¢°

Notice that for every 2 moles of electrons that flow, you will get | mole of Cu and
I mole of chilorine. Cl,. You are bound to get the same number of moles of each.

In this case. 3.2 g of copper is Jb%mol =(.05mol.
So you will alsoe get 0,03 mol of chlorine which is (.03 x 24.0000m? at rip
The volume of chlorine produced is 1200¢m’,



End of Chapter Checklist

You should now be able to:

calculate the quantity of electricity in coulombs, given the current and time
understand that 1 mole of electrons is represented by 96,000 coulombs, which is called the

Faraday constant

perform calculations for electrolysis reactions involving the masses (or volumes) of products, the

current and the time

calculate the mass (or volume) of one product of electrolysis given the mass (or volume) of

another one.

Questions

During the electrolyss of copper(ll) sulfate sofution using
carban electrodes, copper is depogted on the cathode
according to the equation:

Cu’fag) + 2e- — Culs)

Caleulate the gain in miss at the cathode if a current of 0.50
amps flows for 1 hour (RAM: Cu = 64; 1 faraday = 96,000
coulombs),

During the electrolygs of lead(ll) nitrate solution, lead is
depasited at the cathade and owxygen is released from the
anode. If a current of 0.350 amps flows for 10005, calculate
a) the mass of lead deposited; b) the wolume of axygen
(measured at room temperature and pressure) produced
(RAM: Pb = 207; the molar volume of a gas is 24,000cm’ at
rtp; 1 faraday = 96,000 coulombs).

Pb*(aq) + 2e -» Pbis)
40H (aq) -» 2ZH,O() + O fg) + 4e

Same copper(ll) sulfate solution was electrolysed using a pure
copper cathode and an impure copper anode, Copper Is lost
from the anode and deposited on the cathode. Insoluble
impurities in the anode farm a sludge undemeath the anode.

Cathode equation:
Cu’{ag) + 2& —» Culs)
Anode equation:
Cufs) — Cu*fag) + 2e

a) What mass of copper will be depasited on the cathode if
0,40 amps flows for 75 minutes? (RAM: Cu = 64; 1 faraday
= 96,000 caulombs),

b) If the anode was found to have lost 0.80g during the
expenment, calculate the percentage purity of the impure
copper anode, assuming that only insoluble impurities
were present.

Aluminium is manufactured by electrolysing a solution of

aluminium axide, Al.O., in malten cryolite. The electrode
equation is:

AlV(l) « 32 — AT

A typical cell produces 1 tonne (1000 kg) of sluminium every
24 hours, What current {in amps) is nesded to produce this
amount of aluminium? (RAM: Al = 27; 1 faraday = 96,000
coulombs),

Two solutions were electralysed in series using the apparatus
on page 199 One beaker contained chromium(lll) sulfate
solution, and the other cobalt{Il) sulfate solution. 0.295g of
cobalt was deposited on the cathode in the beaker containing
cobalt{ll} sulfate. The electrode equations are:

Cr''(aq) + 3e" ~» Cris)

Co’faq) + 2e —» Cols)

Calculate:

a) the quantity of electrcity that flowed during the
expenment

b) the mass of chromium depesited on the cathode in the
other beaker
{RAMs: Cr = 52; Co = 59; 1 faraday = 96,000 coulombs).

Copper|ll) sulfate solution and leadXll} nitrate solution were
electrofysed in two beakers connected in series. If 0.64g of
copper was deposited at the cathade in one beaker, calculate
the mass of lead deposited in the other one (RAMs: Cu = 64;
Pb = 207).

Cu'{ag) + 2& — Culs)
P () + 2e — Pli(s)

cURAuOns
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Chapter 25: Frizrgy Calcl

Section E: Chemistry Calculations

This chapter looks at how energy
changes during reactions can

be calculated in simple cases, or
measured by experiments. It would
be helpful to re-read page 123 in

Chapter 14 before you go on.

Bond energies are measured In kilopoules per
mole For example, if you see CL{g) written
In an equanon, it well ake 346k 1o break all
the bonds in that ore mole of chiorine gas.

If you see ZHCIg), 1t will take 2 x 432 k)

t0 break all the bords in the two moles of
lypdrogen chlaride gas. Bond energies apply
only to gaseous compaunds

Eond e=rergy cakculabons only ever give
estimates ol the amount of heat evolved or
absarbed. They never give exact values. The
strengzh of a bond vanes slightly depending
on what & around it in the molecule. Quoted
bond energies are usually average values,
whach give fairty good, but not perfect,
arsvers.

Chapter 25: Energy Calculations

Calculations involving bond energies
Bond energies (bond strengths)

1t needs energy 1o break chemical bonds. The stronger the bond is, the more energy
is needed to break it. Bond energy measures the amount of energy neaded to break
a particular bond.

bomd e |ea jo1
‘bond cnergy (Kjmol?)  +413 4346 | +234

Tabde 25.1: The enemy mewded 1o beak these bonds.

+432

H-1

-l ]1_-1 H-1
+298

4243 | +151

You can see that some bonds are much stronger than others - for example, the
bond between kxdine and hydrogen ts about twice as strong as the bond between
two kodine atoms.,

\ Q@ O

[
energy energy energy
absarbed refeasesd
242 ~241
(S a®) Y

Figure 25.Y 8rcaking and making bonds between chlarine atoms

Figure 25.1 shows that it needs an input of 243 k] per mole 10 break chlorine
molecules into woms. I the woms recombine into their original molecules, then
obwiously exactly the same amount of energy will be released again. When bonds
are made, energy s given out,

@ Breaking bonds needs energy
@ Making bonds releases energy.

Bond energies can be used to work out how mueh hest will be absorbed or released
during reactions involving covalent compounds. If a reaction Involves lonie
compounds. different energy terms have to be usaed. which are beyond GCSE.

Calculating the heat released or absorbed during a reaction

You can estimate the heat released or absorbed by working out how much energy
wonld be needed o break the substances up into individual atoms, and then how
much would be given out when those atoms recombine into new arrangements.
For example:

il heat needed to break all the bonds = 41000k]
and:  heat released when new bonds are made = = 1200k]
ther:  overall change =« 200k]



The reaction between methane and chlorine
CH (g) + C1,(g) —» CH_Cl(g) + HClg)

Methane reacts with chlorine in the presence of ultra-violet light to produce
chloromethane and hydrogen chloride, You can pleture all the bonds being broken

in the methane and chlorine amd then being reformed in new ways in the products,

You cun work out the heat neaded to break all the bonds, and the heat given out as
new ones are made.

Bords that need 1o be broken:

4 C-H bonds =4x|+417%) = + 152K
1 C=C1bond =1x1+243%) =  +243K]
Total = +1895K]
New bonds made:

3 C-H bonds = 3xI1-413) = -1239k]
1 C=C1 bond = 1 x(-346) = -346K]
1 H-CT bond = | xI1-432) = —432K]
Total = —2017k]

The overall energy change is #1895 + (=201 7)k] = -122k]

The negative sign of the answer shows that, overall, heat is given out as the bonds
rearrange. More enerity is rekeased when the new bonds were made than is used to
break the old ones,

The excess heat glven out means that the reaction I8 exothermie.

You cun show all this happening on an encrgy diagram. as in Figure 25.2.

A_‘_LD..Q_Q_Q._Q_Q

energy 4(H-C) = 4x (+413)i) 1(C-H) = 3 x (413) K
I (CHCI) = +243 K I (C-C) = -346 k)
ol = + 1895 K | (H-C) = 4321
toml = ~2017kj

J;o?’_’ £ o

Overall change: AH= +1895 - 2017 = 122 &)
Figure 252 Methane reacts with chiorine 1o produce chloromethane and hydragen chlonde

The reaction between hydrogen and fluorine

Calculate the heat released or absorbed when this reaction occurs:

H.(g) + F(g) — ZHF(g)

The bond energies (i k] mol ) are: H-H 436, F-F 158, H-F 568.

Important! The real reaction doesnt
happen by all the bonds being broken in
this way. That doezn't matter: The overall
amount of heat relessed or absarbed & the
same. however you do the ieacton - even
if ane of the ways you use to work itout 5
entiredy smaginary! Thes 1s summansed inan
important Gw called Hess's law, which you
will meet if you do Chemistry at a lngher
leyel

Romember that when heat is graen out. you
show this by putting & negative sgn in frant
of the vakue.

Energy Calculations
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as part of & sample peace of coursewark for
an earber GCSE book
e

These are real results produced by the author I

Bonds that need 10 be broken:

1 H-H bond =1 % (+436) = +426k]
1 F-F bond =1 x(+1358) = +158%]
Total = +394%]
New bonds made:

2 H-T bonuds = 2 % (5A8) = 1136k

The overall energy change is +594 +{-1136) =-542%]

Bevause the answer is negative, the reaction is exothermic.

Experimental work
11 is easy to measure the amount of heat absorbed or given out during two difllerent
kinds of reaction. One involves sodutions. and the other involves burning liquids.
Measuring energy changes involving solutions
Messsuring the beait evolved when magnesium reacts with an acid
When magnesium reacts with dilute sulfuric ackd, the mixture gets very warm. The
reaction is:

Mg(s) + H.SO (aq) — MgSO (aq) + H (g)

s0hem? of dilute sulfurie ackd (o huge excess) s run into a polystyrene cup using a
pipette or burette. and the temperature of the acid Is measured. A small amount of
magnesium powder is placed in a weighing bottle, and the mass of the bottle plus
magnesium ks recorded.

The magnesium is then tipped into the acid, and the maximum temperature
reached is messured on the thermometer,

The mass of the empty welghing bottle is found, and then the experiment is
repeated 10 check the rellability of the result

Table 23.2 gives some results.

Volume of acid used = 30.0cm*
Experiment 1 Experiment 2

mass of weighing bottle + Mg () 10810 10.800

mass of mg,lung bottlc afterwards R | 10,687 10.685
massof Mgused(g 023 | 0115
initial temperature (°C) | 17.4 [ 173
maximum temperature (°C) 1. 7ars; | 2a7
temperature rise (°C) T 11 | s4 ]

Talde 25.2: Rewlts for the reachion of magresium with an aoid

We will use the Hgures in Table 23.2 10 work out how much heat s glven out when
I mole of magnestum reacts with [ mole of sulfuric actd. according to the equation
above.



If you do a reaction using a known mass of solution and measure the temperaiure
rise, the amount of hear given out during the reaction is given by

heat given out = mass x specific heat x temperature rise
The specitic keat is the amount of beat needed 1o raise the temperaiure of 1 gram
of a substance by 1 °C.
For water. the value is 4.18] g ' °C"' {joules per gram per degree Celsius).

You can normally assume that dilute solutions have the same specific heat
14,18 g"°C " and density {1 gem % | gram per cubic centimetre) as water, You
can also assume that negligibly small amounts of heat are vsed 1o warm up the
cup and the thermometer.

in this case. we will take the mass of the solution as 50 g, The mass of the
magnesium is so small that it can be ignoved, There are other major sources of
error in the experiment which will make much more difference 1o the resulis.

Calculations for Experiment 1:

Heat evolved when 0,127 g My reacts =50x4,18x10.1]
=2111])

Energy changes in reactions are always quoted in k). Dividing by 1ODD glves
2.111E] evolved when 00.123 g of Mg react.

Now we ned to caleulate how much heat is evolved when 24,3 gof Mg react. 24.3
is an accurate value for the relative atomic mass of magnesium.

If: D 123gMgproduce  2.111K]
then: 243gMgproduce  Grgs <2111k =417k
The amount of heat given out by the resction is therefore

Mgis) + H,SO,{aq) — MgSO (aq) + H{g)  AH = ~417k] mol”

Calculations for Expertment 2!

If you repeat this for Experiment 2. you will get a value of <415k mol *. That isin
remarkable agreement with the lirst result, Unfortunately, it is quite wide of the
accepted value for this reaction, which is ~466.9 k] mol . The mesured
temperature rise isn't as high as it should be,

There are several ressons for this, We aren't allowing for the hea absorbad by the
cup or the thermometer, but, more importamtly, we aren’t allowing for the heat lost
from the surface of the liquid, in the spray that the reaction produces, samd in the
esvaping bwdrogen gas.

Other reactions you could use this method for

You could use this for neutralisation reactions (e, sodium hydroxide solution and
dilute hydrochloric acid), displacement reactions (e, zine and coppert 1) sulfote

solution), or for the heat evolved or absorbed in making solutions (e.g. dissolving
sodium chloride in water),

Refer back to Table 25 2 where necessary
<0 that you can be sure where the numbers
come from
N

Alculations
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Remember: the negative sign shows that beat
is evolved.
———

Repeat this cakulation yourself o be sure
that you get the same answer
<
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You may come across other versions of

this expenment recommending a dfferent
tempemiure rse, or suggesting that you
bt it for a foed number of minutes. Theres
na ideal answer to this, The hugher the
temperature the water reaches, the greaser
the heat losses dunng the expesment. On
the ather hand, if you just merease the
temperature of the water by a small amouns
errors in reading the thermometer or finding
the mass of the alcobol become important
Don't worry too much aboat this, This
oxpenment is incapable of producing good
results whatever you do!

Measuring the heat evolved in burning liquids

The most common use of this at GCSE is to measure the amount of heat given off
when a number of small alcohols are burnt. You might perhaps use methanol,
ethanol. propan-1-ol and butan-1-ol.

The alcotols are burnt in a small spirit burper, and the heat produced is used to
varm up some water in a flask or other container,

thermamerer -
'
ciamp——— | |

water s | A\

spirit burner —’_ﬁ

|
aloohol ——f—=

L8 3

Figure 25.4 Measuring the heat evalued m burnmng hquids

10D em of cold water is put in a conical Hask {or other container), and its
temperature is recorded, The spirit burner is filled with the alcobol and weighed,
Ideally, the burner will have a small cap 1o §it over the wick. If so. that is weighed as
well. The apparatus is shielded as far as possible to prevent draughts.

Now the burner is placed under the fask (minus the cap), and lit, The water is stirred
constantly with the thermometer until the temperature rises by, sy, 40°C, The fame
is extinguished, and the cap immediately pur over the wick, This stops any hot alcohol
in the wick from evaporating. The maximum temperaiure reached is recorded.

Finally, the spirit burper plus remaining alcobol are reweighed.

The experiment can be repeated with the same akcohol to chedk the reliability, and
then carried out again with whatever other alcohols are available.

Spectmen results and caleukstion for ethumol

Volume of water = 1(em?
Mass of burner + ethanol belore experiment =37.355
Mass of burner + ethanol after experiment = 3605758
Original temperatore of water =21.5°C
Final temperature of witer =6H2.8°C
Mass of ethanol burnt =N.780g
Water temperature increase =41.3°C
Mass of water being heated = ltig
Heat gained by water =1 x4 18 x41.3]
=17260]
=17.26K]

Burning 0.780g of ethanol produces 17.26k].



You will tind that results for these experiments are frequently quoted in terms of
the amount of heat evolved per gram of alcobol, In this cose . ..
17,2

Amount of heat produced when [ gof ethanolburns = ﬁ‘ﬁg |

=22.1Kk]

Howevet, it is much more useful 10 work out the amount of hear produced per mole
of etharol, CH CH OH. The mass of 1 mole of ethanol is 46 g,

17,2

The amount of heat produced from I mole of ethanol = ﬁ‘-‘qu 46k]
= 1020k]

How aceurate is this figure? The acoepied value for ethanol s that 1370%] (1o three
significamt Hgures) of heat are evolvad whwen 1 mole of ethanol burns, The figure
produced in this particular experiment is far too kow. Why?

There are many sources of error — in particular, large amounts of heat kosses,
There is heat lost from the warming water; there is heat lost from the flame, which
goes straight into the air rather than into the water. There is heat being used to
raise the temperature of the flask and of the thermometer. Other errors of
measurement (reading temperatures, weighing. ete. ) are completdy negligible
comparad with these.

Thit deesn’t mearn vou can't use this experiment 1o make useful comparisons. If
vou repeat it with other alcohols, under as similar conditions as possible, vou can
firnd how the heat evolved changes as the aleobol gets bigger. The figures used in
the following graphs are accurate ones, but inaccurate ones from school
experiments would show the same trends,

Bar charts of heat evolved as the size of the alcohol increases

£
e

w 30
32
g 0
ey 0.

0 | 2 3 4
number of carbon atoms

Flpure 25.5 Heat evalwd per gram of alcahel against alcobod wze

= 3000+
o i
. 2000
& -4
% 1000
= 1 M
0' R X114 — ey VET PN P S - = ]
0 | 2 3 B
number of carbon atams

Flgure 25.6 Heat evalwd per mele of alcohal against alcahal size

We are gong to quote the fingl answer
to three significant figuies. In thas case,
you raund intermediate answers 1o four
significant figures

In Figure 255, notoe that the amount of
heat evalved gess greater as the alcohol
gess bigges - but it isn't a regular increase.
The change fiom cne alcobol to the next
gres snaller 25 the alcohal gets bigger.

You may sometimes see this plotted as a
smaoath graph. but that is techrcally wrong
A ancoth curve shauld only be wsed for

a continuows vanable - one which can

take ary value. There is no such thing as

an alcahol with 05 o 1.64 cabon atome!
The nuenber of carbon alors is & non-
continuows vanable, because itcan only take
whole number walues.

A
Notce that  you plot the heat evolyed por
male, the incredase becomes regulan Wordang
it out per male means that you are warking
from the same number of molecules each
time The difference betweon one slcobol
and the nes is always an extra CH, and
sa the number of extr bonds broken and
made increases is & regular way That means
thas the heat gvolved will ko mcrease in 3
regular wiy.

lculations
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End of Chapter Checklist

/
'

/

You should now be able to:

understand what is meant by bond energies (bond strengths), and know that energy is needed to

break bonds and is released when bonds are made

use bond energies to estimate the heat released or absorbed in simple reactions
describe simple experiments to measure temperature changes during reactions involving solutions

or buming liquids

use the results from these experiments to calculate the heat energy changes in terms of kj per

gram or k] per mole of reactant.

Questions

1 Use the bond energies in the table to estimate the amount of

heat released or absorbed when the following reactions take
phace, In each e, say whether the change is exathermic or
endothermic,

(k) mol ")

C-H J «413

Coer *290

BeBr +193

H-Br +366

»tl-H 4326

c-a 4243
HO | 32

O=0 +498

: O;i-i +464

a) CH fg) + Br,{g) — CH Brig) + HExg)

(The structure of CH Br is the same as that of CH_Cl; see
Figure 25.2.)

b) H g + Cl{g) - 2HCHg)

¢} 2H,(g) + Ofg) — 2H Olg)

A student investigated the amount of heat given out when
hexane, C,H.,, burns using the apparatus in Figure 25.4.
Hexane is a highly flammable liquid which is one of the
components of petrol {gasoline).

In each case, she calculated the amount of heat evolved per
mole of hexane. Her first two experiments produced answers

of 3200 and 3900k mol 7 of heat evolved. She then decided
to do i third experiment. Her results were as follows:

volume of water in fagk =100cm’
mass of burher + hexane before experiment = 3562
mass of burner + hexane after experiment =3523g
original temperature of water =19,0°C
final temperature of water =550°C

a) Suggest a reason why the student deaded 1o do a third
axpernmeant,

b) Apart from the obvious need to wear eye protection in all
expenmental work, suggest two other safety hazards that
might arise dunng the experimeant.

c) Use the results table to calculate the amount of heat in k
evolved by the burning hexane during the experiment.
(Specific heat of water = 4,18 g7 °C''; density of vater =
1gem™)

d} Calculate the amount of heat evolved per gram of hexane.

e) Calculate the amount of heat evolved per mole of hexane
(RAMs: H = 1;C=12).

f) Tocaleulate the average value of the heat evolved per
mole when hexane burns, the student took an average of
her results, She decided not ta use the figure of 3900 in
calculating the average, because it was o different from
the ather two. Suggest any two reasons why (T might have
been higher than the others,

g) A data book gave a figure of 4194k of heat evolved when
1 mole of hexane burns. Why are all the results in the
student’s experiment so much lower than this?
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Chapter 26: Titration Calculations

Working with solution concentrations
Concentrations of solutions

Concentrations can be measured in either

® pdm

@ moldm *

These are exactly the same as writing g/dm’ and mol/dm®. You read them as
‘grams per cubic decimetre” and ‘moles per cubic devimetre’. 1 cubic devimetre is
the same as I litre.

You have 1o be able 1o convert between gdm ' and moldm . This is no diflerent from
converting moles into grams and vice verst. When you are doing the conversions in
concentration sums, the amount of substance you are talking about happens 10 be
dissolved in 1dm’® of solution. That doesee't affect the sum in any wan

mass(g)
Number of moles = mass of | mole ()

A sample of sea water had a concentration of sodium chloride of 35.1 gdm . Find
its concentration in moldm* IRAMs: Na= 273: (1 = 35.5..

1 mol NaCl weighs 38,52

351 gis 'ﬁ‘{;md = (L mol

The concentration of the Na(Tis 0.600moldm .

Corverting from moldm * togdm ™

What is the concentration of a 0,.0530moldm ™ solution of sodium carbonate,
N, OO ingdm 7 (RAMs: C = 12: 0 = 16; Na = 23).

I mol Na C0, welghs 106 g

0.050mol weighs 0.050 < [06g=35.3g

0.050 moldm * is therefore 3.3 gdm .

Making it as tricky as possible!

What is the concentration in mofdm-? of a solution containing 2.1 g of sodium
hydrogencarbonate, NallCO,, in 2500m’ of solution? (RAMs:H= 1. C= 12;
N=16;Na= 23\

The problem here is that the volume is wrong. The solid is dissolved in 250cm’
instead of 1000 ¢m’* (1dm®),

2530¢em' is "]“uf TOODem* { 1dm?),

Therefore a solution containing 2.1 g in 250cm’ has the same concentration as
onecontaining 4 x 2.1 gin 1000cm’.

\“S&:s\‘_\&)'\ Section E: Chemistry Calculations

In previous chapters we have looked
at calculations from equations
invelving masses of solids and
volumes of gases. Many reactions
are done in solution, and this chapter
looks at how you handle problems
involving concentrations of solutions.

-/

You may also fid the symbol M used For
example, ditute pdrochlanic aoid might huve
o concentration quoted as ZM. M means
moldm “ and i described as the molarity
of the solution. You can ako read ZM'as 2
molar’, This is all unrecessarily confusing,
and won't be used In this book

Flgure 26,1 Sea water cangains aéout 0.6 modes of
NaCT per cubye decametre.

uons
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Figure 26.2 Water bevomnes hard when carbon
dhoxide iy ralawater reacts with limestone

Don't be scared that some of this is
unfamilar! As long as you realise that
CH,CO0H 15 ethanoc acld, thats all you
need wony about for thes calculanon

IFyou aren't happy with this, putinan

extra step. Il there are 2 males in 1000cm”
{becavss it s 2Zmaoldm '), work out how
many there are in 1 om?’ by deading by 1000
That gives 0.002 mal. Multiply that by S0

to find ow how many moles there arein
S50cm”.

4x2.TpisS4p

I mol NatiCO_weighs 84 g

N4gis ‘%}nm] =, 10maol,

The concentration ks therefore (.10 mol dm-7.

Calculations from equations involving solutions
A calculation involving hard water

A sample of hard water comtained 0.002 moldm ™ of calcium hydrogencarbonate,
CalHCO, ), When this is heated, it decomposes to make calcium carbonate. This
forms as a white previpitate known as limescake. Calkculate the mass of cakium
carbonate which could be formed when TOOdm? (100 litres ) of the hard water is
heasted IRAMs: C= 12; 0= 16; Ca = 40)

Ca{HCO,) (aq) — CaCO [s) + CO.(g) + H.O(l)

Ldm’ of hard water contains 0.002 mol of CalHCO,),

LODdm® contains 100 x O0.002 mol = 0.2 mol.

The equation says that 1 mol of CalHCO,), gives 1 mol of CaC(),
That means that 0.2 mol of CatHCN,), gives (.2 mol of CaC)

I mol CaC0), weighs 100 g

0.2mol weighs 0.2 x 100g = 204

202 of calcium carbonate would be lormed.

Another calculation Involving hard water

Limescale can be removed from., for example. electric kettles by reacting it with a
dilute acid such as the ethanoic acid present in vinegar.

€aCO,(s) + 2CH,COOH(aq) — (CH,CO0),Calag) + CO (g) + H O(l)
Whint mass of calcium carbonate can be removed by 500em’ of a solution
containing 2moldm * of ethaneic acid? IRAMs: C=12; 0= 16: Ca = 40).
In amy question of this sort, it is always a good policy 1o start by working out the
number of moles of any substance where yvou know both the volume and the

concentration. In this case. we know both of those for the ethumoic acid.

Number of moles of ethanoic acd = f?}:ﬁ * 2=0.1 mol

Now look at the equation. which says that T mol CaCO, reacts with 2 mol
ethanoic avid.

That means that however many moles of ethanobe ackd there are in the reaction.
there will only be hali as many moles of calcium carbonate.

Number of moles of CaC0), = “:L = (.05 mol.

I mal Ca"0O, weighs 100

0,05 mol weighs .03 x 10 =354

The ethanoic acid would react with 3 g of calcium carbonate,



Calculations from titrations
A reminder about acid-alkali titrations

A solution of the alkali is meassured into a conical flask using a pipetie. The acid is
rut in from the burette — swirling the (Lsk constantly, Towards the end, the acid is
run in a drop at a time until the indicator just clanges colour,

Figure 26.3 shows the end point of a titration using methyl orange as indicator. If
the indicator changes to red (its acidic colour ), you have added too much acid.
The standard calculation

A simpde titration problem will look lke this:

23.0cm’ of 0,100 moldm* sodium hydroxide solution reguired 23.3cm’ of dilute
hvdrochloric acid for neutralisation. Calculate the concentration of the
hydrochloric acid.

NaOH(aq) « HCl(aq) — NaCl(aq) « H,0(l)

You do atitration to find the concentration of ome solution, knowing the
concentration of the other one,

Planning a route through the calculation

@ Start with what you know most about. In this case. you know both the volume
and the concentration of the sodium hydroxide solution. Work out how many
moles of this you have g,

@ Look ar the equation 1o work out how many moles of hydrochloric acid that
amount of sodivm hydroxide reacts with,

® Work out the concentration of the hwvdrochlonic acid.

Doing the calculition

The experiment used 25.0cm* of 0. 100 moldm * NaOH solution.
Number of moles of NaOH = 7245 x 0.100 mol = 0,00250 mol.

The equation says that 1 mol NadH reacts with 1 mol HCL

Theredore 0,002 30 mod NaOH reacts with 0.00250maol HCL

Thar 0,002 30 mel HC most bave been in the 23,3 cm? of hydrochloric acid tha
wits added during the titration — otherwise neutralisation wouldn't have occurred
All you need to ¢o now is to find out how many moles there would be in 1000cm*

I I dm?*} of this solution.

If
1OMMdem® contain -';"{!{L % 0.00250mol HCL= 0,106 mol.

N

1.5 cmt contain 000250 mol H(1,

The concentration is therelore 0,106 moldm ™,

e —& »

Figure 26.3 The end paint colocr or muthyl
grange - the flask on the keft shows the colour
before the end paint

Put in an extra step If you need . Waork

ot how many roles there are in 1o’ by
drviding 0100 by 1000 {The concemration is
0.100mal in 1000an’ ) Then multiply bry 25
to find out how many there arein 25om?

AGAIN, INSEIT an extra Step if you peed 10,
Work out the number of moles in 1om’ by
dtviding by Z3.5, and then multiply by 1000
1o find out how maryy mokes there e in
10000m*

w
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A very slightly harder calculation

25 cm’ of sodium hydroxide solution of unknown concentration was titruted with
dilute sulfuric acid of concentration 0.0530moldm *. 20.00m’ of the ackd was
required to neutralise the alkali, Find the concentration of the sodium hydroxide
solution in moldm .

2NaOH(aq) + H,5O,(aq) — Na,5O {aq) + 2H,0()

This time, you know everything about the sulfuric acid.

The experiment used 20.00m” of 0.050 moldm ' H S0,
Lse more steps for this, and for similar future
prablems, it you need to
SA— = 0.0010 mol.

Number of moles of sulfuric ackd used = l%rl?:% * L0500 mol

S

The equation proportions aren't 1:1 this time. That's what makes the calculation
slightly different from the last one, The equation says that cach mole of sulfuric
acid reacts with 2 moles of sodium hydroxide,

a0

ur

lcula

Number of moles of sodium bwdroxide = 2x0.0010 moel

onCa

=.0020 mol

That 00020 mol must have been in the 25cm’ of sodivm hydroxide solution.

Titrati

Concentration = ﬂ,lg‘! % 0.0020 moldm *

=0,080 moldm *

A straightforward titration sum with a sting in the tail

Washing soda crystals have the formula Na OO, nH 0. The object of this
calculation is 1o lind the number of molecules of water of crystallisation, n

Chapter 26

28.6g of washing soda crystals were dissolved in pure winter. More pure water was
added 10 make the total volume of the solution up 1o TODD G

A 25.0cm’ sample of this solution was neutralised by 40.0cm’ of (0,125 moldm*
hydrochlonic acd using methyl orange as indicator.

Na,CO (aq) + 2HCI(aq) — 2NaCl(ag) + CO,(g) + H,O(I)

(a) Cakulate the concentrution of the sodium carbonate solution in moles of
sodium carbonate (Na, OO ) per cubic decimetre.

Figure 26.4 Wamivng soda crystals

(b) Cakeulate the mass of Na,CO, and mass of water in the washing soda crystals,
and vse those results 1o find a value for nin the formula Na,CO_nH O
(RAMs: H= 1:C=12;: 0= 16; Na= 23),
Part (a) is the straightforward titration calculation. Part (b is an extra bit.
Part {at) = the tiratton calculation
You krow the volume and concentration of the hydrochloric acid.
Number of moles of HCl = -}L‘%%x 0.125mol
= 1,00500 mol.




From the equatiorn, you can see that you only need half that number of moles of
sodinm carbonate.

Number of moles of Na €0}, = L000 )

= 0.00250 mol,
The sodivm carbonate solution contained 0.00250mol in 25.0¢m’,
Concentration of Na,C0, = -li%%,! % 0.00250moldm ™’

= 0,100 mol dm .
Part (b)

First calculate the mass of Na €O, in the total I000Dcm* {1dm') of solution.
Remember that you have just worked out that the solution is 0. 100 moldm .

1 mol Na,CO, weighs 106,
0.100mol Na €0, weighs 0.I00x [06g = 10.62.
Now for the mass of water in the crystals:

The original mass of the cryvstals dissolved in the water was 28,6 ¢ OF this, we have
worked out that 10,6 g is Na (0

Mass of water = 28.A- 106 = [8.0g.
But 1 mol HO weighs 18 .

There is therefore 1 mol of H O in the crystals together with the 0,100 mol of
Na €0,

Since there are ten times as many moles of H,0 as of Na (0. the formulka is
Na €0,-10H 0.

Reversing the calculations

Instead of working out the concentration of a solution using titration results, you
may be asked to work out what volume of a sodution is needed 1o neutralise
something edse, Here are two examples.

Example 1

Calculate the volume of 0.104 moldm* sodium hydrogencarbonate solution
needad to nentralise 20.0cm’* of 0,125 moldm * kydrochloric ackd.

NaHCO (aq) + HCaq) - NaClaq) + €O,(g) + H,0(1)

As before, start from what you know most about — in this case the hypdrochloric
acid.

No of moles of HCl = 5t 1 0,125 mol = 0,00250mol

The equation shows that you will need the same number of moles of sodium
hyvdrogencarbonate. At this point, you need to think about the corwentration of the
sodium hydrogencarbonate solution slightly differenly from before,

Notice that we've only just got around 1o
using the figuee of 28 65, despete the fact
that It v the very fiist number i the
question That is quite common i Titration
s, You always stut from the volueme
and concentiation of the substance you
ko rmost about. b a GCSE exam, you
would almost cenanly be guided through a
calculation as complicated &s this.

A concentration of 0.100 mol din* mears
that 1000¢en’ contains 0100 mol. That's
obdously exactly the same as sirying that
0.100mol is contaned in 1000 cm’

-~y e
LU R
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Students aften feel uncomfortable with

the swep in the then' statement, because
they aren’t happy about deading by the
0100 value The first part of the expression
is calculating the valume which contaims

| male, and then you mukiply that by
000250 to find out what volume contains
(0.00250 mol

In a case like ths, imagine you had an

easy nuenber, like 2, and wark out what

you would do wath that Suppose, for
example, the concentration of the sodwm
hpdiogencarbonate was 2maoldm . In that
case, 2mal would be contained in 1000cm”
To find the valume which contains 1 mal,
you woudd divide by 2. You are going to

da the same sort of thing whatever your
number is. So il you would divide by a simple
mumber like 2, you will ako drade by a mare
complicated one like 0.100

If: 0. 100mol of NaHCO, is contained in 100Dem* {1 dm?)

then:  0.00250mol of NaHCO, ks contained in -(-';!%(',- < 0.002500em?

=25.0cm’
You will nexxd 23.0¢cm” of the sodium hydrogencarbonate solution 1o neurralise the
bydrochloric acil.
Example 2
1t is possible to learn a fairly simple formula for doing these calculations in
straightlorward cases, but this is dangerous, Il vou get dependent on using o
formula without understanding what vou are doing, you are going to be totally lost
il the example won't casily fit the formula, This example is deliberately designed to
upse? anyone using the commonest formula - becouse it won't work! However, if
vou have understood Example 1, the following question shouldn't be a problem
to you.

A student was making up a solutton of sodium hydroside by dissolving 8.0 g of
sodium hydroxide in water. Unfortunately, the beaker broke and the solution spilled
onto the bench. All he had to hand to neutralise it was some 0.50 mol dm sulfuric
acid. What s the mintmum volume of acid that he would have to use?
(RAMs: H=1: 0= 16:Na= 23}

2NaOH(aq) + H,50,(aq) — Na,50,(aq) + 2H,0(1)

In the first example, we started by caleulating the number of moles of the sodium
hvdrogencarbonate. This time, we've got all the information we need to cakulate
the number of moles of the sodium hydroxide, but it is in a different form.

[ mol NaOH weighs 404
S.0g of NaH is therefore '8'4‘(% mol = 0. 20 mol.

The equation shows that you only need half the number of moles of sulluric ackd
to neutralise the sodium hydroxide.

Number of moles of H,S0, needed = <2< mol = 0.10 mol,
If: 0.50mol of HS0_ s contained in 1000¢m* (1dm®)
then:  0.10mol of H SO is contained in ‘f}g‘f- £ 0.10em’ = 200cm’,

You would need a minimum of 200cm® of O, 30 moldm * sulfuric acid to neutralise
the sodium hydroxide spilt.



End of Chapter Checklist

You should now be able to:

convert concentrations from gdm* to moldm and vice versa
calculate the number of moles of substance given a volume of solution and a concentration in

moldm™

carry out simple calculations involving volumes and concentrations of solutions
work out unknown concentrations from titration results
use results from titrations to calculate other things, given guidance on method.

Questions

1

Same dilute sulfuric acid, H SO, had a concentration of
4.90gdm . What is its concentration in moldm *?
(RAMs:H = 1,0 = 16,5 = 32).

What is the concentration in gdm * of some potassium
hydrowide, KOM, solution with a concentration of
0.200moldm 77 {(RAMs H = 1: 0 = 16 K = 39),

What mass of sadium carbonate, Na CO,, would be dissalved
in 100em’” of solution in order ta get a concentration of
0.100moldm 7 {RAME C =12, 0= 16 Na = 23).

What mass of barium sulfate would be produced by adding
excess barium chloride solution to 20.0cm” of copper(ll)
sulfate solution of concentration 0.100maldm 7

(RAMs: O = 16;S = 32; Ba = 137).

BaCl {aq) + CuSO (aq) —» BaSO fs) + CuCl {aq)

What Is the maximum mass of calclum carbonate which will
react with 25.0cm’ of 200 moldm * hydrochlone acid?
(RAMs: € = 12, 0 = 16; Ca = 40).

CaCO,fs) » ZHCl{aq) — CaCl fag) + H,0(1) + CO {g)

Copper(il} sulfate crystals, CuSO,-5H,0, are made by adding
an excess of copper(Il) oxide to hot sulfuric acid, filtering the
mixture and then crystallising the solution, What is the
miaximum mass of erystals that could be obtained by adding
an excess of copperdll) oode to 25¢m? of 1.0maldm * sulfuric
wid? (RAMs: H=1,0=16;5= 32, Cu=64),

CuOfs) + H SO faq) — CusSO, (aq) « H.Of)
CuSO,(aq) « 5H,0(1) — CusO,-5H 0ls)

a) Calculate the volume of 0.200 moldm * sulfuric acid
needed 1o neutralise 25.0cm’ of 0400 moldm ? sodium
hydroxide solution
2N&0H(aq) + H S0 (aq) — Na SO {aq) + 2H,0(l)

b) Calculate the minimum volume of 2.00moldm ™’
hydrochloric acid needed to react with 10.0g of caloum
carbanate (RAMs: C = 12,0 = 16, Ca = 40)

CaCO fs) + 2HClaqg) —» CaCl {aq) « H,0(1) « CO (g

In each of these questions concerning simple titrations,

calculate the unknown concentration in moeldm %

a) 25.0cm’ of 0.100mol dm * sodium hydroxide was
neutralised by 200cm? of dilute nitric acid of unknown
concentration.

NaOHM{aq) + HNO faq) ~» NaNO faq) + H,0(l)

b) 250em’ of sodium carbanate solution of unknown
concentration was neyiralised by 300cm’ of
Q.100moldm  nitric acid.

Na,CO (aq) » 2HNO (ag) — ZNaNO faq) « CO (g} + H.O{l)

c) Z50cm’ of 0.250meidm * potassium carbonate solution
waes neptralised by 12.5em? of ethanoic acid of unknown
concentration.

2CH COOH(aq) + K.CO (ag) — 2CH,COOK(ag) + CO.{g) +
H,0(1)

Lime water is calcium hydrowide solution. In an experiment to
find the concentration of cakium hydroxide in lime water,
25.0cm® of lime water needed 18.8cm’ of 0.0400 moldm
hydrochlaric acid ta neutralise it.

Ca{OH) (aq) + 2HCl(aq) — CaCl (aq) + 2H O}
Calculate the concentration of the calcium hydroxide in
a) moldm’

b} gdm’

(RAMs: H =1, 0 = 16; Ca = 40).

Chapter 26: Titration Calculas




End of Section E Questions

1.

a) What do you understand by the term ‘relative atomic
mass' of an element? {2 marks)

b) Show that the relative atomic mass of chlorine & 355,
glven that an average sample of chlorine containg 75%
*Cland 25% 7Cl (2 marks)

¢) Chlorine gas was bubbled through a solution containing
4.15 g of potassium iodide until no further reaction
occurred. Calkeulate the mass of iodine produced by the
reaction:

Cl g} + 2K¥aq) ~» 2KCHaq) + 1 (s)

(relative atomic masses: K = 39- 1 = 127) {4 marks)

d) Calculate the density of chlorine gas at room temperature
and pressure ingdm %

(Volume of 1 mole of a gas at room temperature and
pressure = 24.0dm’) {2 marks)

Total 10 marks

In an experiment to find the empirical formula of some lead
oide, a small porcelain dish was weighed, filled vath lead
oxide, and weighed again. The dish was placed in a tube, and
was heated in a stream of hydrogen. The hydrogen reduced
the lead axide to a bead of metallic lead. When the apparatus
was cool, the dish with its bead of lead was weighed.

Mass af porcelain dish =1795g
Mass ol porcelain dish + lead oxide - 2480g
Mass of porcelain dish + lead = 2416g
(relative atomic masses: O = 16; Pb = 207)

a) Caleulate the mass of lead in the lead onide, {1 mark)
b) Calculate the mass of oxygen in the lead oxide. (T mark)

¢) There are three different oxides of kad: PO, PHO. and
Fb.0,. Use your results from {a) and (b} to find the
empirical formula of the axide used in the experiment
{3 marks)

d) Calculate the percentage by mass of lead in the oxde
PRO.. {2 marks)

Total 7 marks

In an experiment to find the percentage of calcium carbonate
in sand from a beach, 1.86g of sand reacted with an excess of
dilute hydrechlonic acid to give 0.55g of carbon dioxide,

CaC0,(s) « 2HCi(aq) — CaCl fag) « H,0()) « CO,(g)

a) Calculate the number of maoles of carbon dioxide present
in 0.55 g of CO, (refative atomic masses: C = 12, 0 = 16).
{2 marks)

b) How many moles of caloium carbanate must have been
present in the sand to produce this amaunt of carban
dioxide? (T mark)

¢) Calculate the mass of caloum carbonate present in the
sand (relative atomic masses: C = 12; 0 = 16; Ca = 40).
{2 marks)

d) Calculate the percentage of calcium carbonate in the
sand. (71 mark)

Total 6 marks

4. a) Chalcopyrite is a copper-containing mineral with the

formula CuFeS,.

(i} Calculate the percentage by mass of copper in pure
chakopyrite (relative atomic masses: S = 32; Fe = 56;
Cu = 64) (72 marks}

(i) Analysis of a copper ore shawed that it contained 50%
chakopynte by mass Assuming that all the copper can be
extracted, what mass of copper could be obtained from

1 tanne (1000 kg) of the copper ore? {2 marks})

b) Copper reacts with concentrated nitric acid to give
copperill) nitrate solution and nitrogen dicade gas.

Culs) + 4HNO faq) —» CulNO ) (ag) + 2NO{g) + 2H,0(1)

(i} Calculate the maximum mass of copper(ll) nitrate,
CulNO,)., which could be cbtained from £00g of copper
{relative atomic masses: N = 14, O » 16; Cu » 64).

(3 marks)

{if) Cakulate the volume of nitrogen dioxide produced at
room temperature and pressure using 800g of copper
{volume of 1 mole of a gas at room temperature and
pressure = 24.0dm’), {2 marks)

Total 9 marks

5. if pyrite (FeS.) is heated strongly in air, it reacts according to

the equation:
4FeS (s} + 110,(g) —» 2Fe,0 (s} + 850 (g)

Iron can be extracted from the iron{lll) oxide praduced, and
the sulfur diaxide can be converted into sulfuric acid

a) Calculate the mass of iron{lll} oxide that can be obtained
from 480kg of pure pyrite (relative atomic masses: O = 16
S = 3Z Fe = 56). (2 marks)

b) What mass of iron could be obtained by the reduction of
the iron{ill) exide formed from 480kg of pyrite? {2 marks)

c) Calculate the volume of sulfur dioxide (measured at room
temperature and pressure) produced from 480 kg of pyrite
{volume of 1 mole of a gas at room temperature and
pressure = 24.0dm’). (3 marks}

d) The next stage of the manufacture of sulfuric aod is to
canvert the sulfur diocwide into sulfur tricwide.

250 fg) + O,(g) — 250 [g)

Calculate the volume of oxygen (measured at room
temperature and pressure) needed for the complete
conversion of the sulfur diode produced in {¢) into
sulfur trioxide. (1 mark}

Total 8 marks



6.

7.

Strontium hydrowade. Srf(OH),, is only sparingly soluble in
water at room temperature. In an experiment to measure its
solubility, a student made a saturated solution of strontium
hydroxide. She pépetted 25.0cm’ of this solution into a
conical flask, added a few drops of methy! orange indicator,
and then titrated it with 0.100maldm * hydrochloric acid

from a burette. She needed to add 32.8cm’ of the acid to
neutralise the strontium hydroxide.

Sr{OH),(ag) + ZHCHag) — SICl {aq) + 2H,0(1)

a)
b)
c)
d)

b)

c)

Calculate the number of males of HCl in 32.8em’ of
0.100 maldm * hydrachlaric acd. (T mark)

How many moles of strontium hydroxide does that react
with? (T mark)

Caleulate the concentration of the strontium hydraxide in
moldm. {2 matks)

Calculate the concentration of the strontium hydraxide
solution in gdm * [refative atomic massesc H = 1;
{2 marks)

O = 16; Sr = 88},
Total 6 marks

What mass of sodium lvydroxide (NaOH} must be
dissolved to make 250cm’ of solution with &
concentration of 0.100moldm 2 (relative atamic massas:
H=1,0=16;Na= 23). {2 marks)

25.0cm” of this 0.100moldm * sodium hydroxide solution
wias neutralised by 20.0cm’ of dilute sulfuric acid.
Calculate the concentration of the sulfuric acid in
moldm ™.

ZN#OH(3) + H SO () — Na SO {aq) + 2H,0(l)
{4 marks)

1.00dm’ of this same sulfuric acid was reacted with
magnesium.

Mgls) + H.50,fac) — Mg50,(aq) + H.fg)

(i) What i the maximum mass of magnesium which
would react vath the acid? (relative atomic miss:
Mg = 24) (2 marks)

(it} What volume of hydrogen gas would be produced at
room temperature and pressure? (volume of 1 mole of a
gas at room temperature and pressure = 24.0 dm’).

{2 marks)

Total 10 marks

8. a) Dunng the electrolysis of concentrated copper(ll) chloride

solution using carbon electrodes, 0.64 g of copper was
depaosited on the cathode. Calculate the volume of
chlorine (measured at room temperature and pressure)
produced at the anode.

Cathode equation; Cu(ag) + 2& —» Culs)
Anode equation: 2C1{aq) — Cl(g) + 2e

(relative atomic mass: Cu = 64; wolume of 1 mole of a gas
at room temperature and pressure = 24.0dm’). {2 marks)

b) Magnesium s manufactured by electrolysing molten

magnesium chlaride (MgCl ) in dlectrolytic cells operating
at 250,000 amps.

Cathode equation: Mg (I} « 2e — Mgll)

{relative atomic mass: Mg = 24; 1 faraday = 96,000
coulombs).

(i} Calculate the number of moles of electrons required to
produce 1.20 tonnes of magnesium (1 tonne = 1000 kg).
{2 marks}

(i) Cakulate the number of coulombs needed to produce
this much magnesium, (1 mark}

{iii) How long {in haurs) would it take to produce 1.20
tonnes of magnesium in a cell operating at 250,000 amps?
{2 marks}

Total 7 marks

n E: Questions
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Appendix A: A Cuide 1o Practical Qu

-

SNy VAT

Appendix A: A Guide to Practical ng?'stip‘\‘ 4\;_1\,_,

This Appendix is designed to help
you answer the practically based
questions you will find in the Edexcel

IGCSE Chemistry papers. /,.)

Notice the word explon In the et sentence
Explain’ mears that, as well as giving a
precaution, you hive to give a remson for

it. Leok ot the nuenber of marks available 1if
there is more than 1 mark, you have to give
more than one piece of nfarmation
TR

Why is this appendix so important?

Chemistry is a practical subject, I vou are lucky enough to be taught in o well
equipped school, vou will probably Biave done a lot of practical work, and most ol
this Appendix will already be familiar to vou, However, not evervbody is so
fortumate,

Of the possible marks in your Chremistry exams, 200% will be given to questions
designed to ind out whether you have some important laboratory skills. [f you
have done a lot of practical work, that shouldn’t be a problem. If you haven't, this
Appendix is here to help you.

Safety

As part of a guestion. you might be asked to comment on what safety precautions
are needed during a particular experiment,

The obvious precaution is 10 wear eve protection. That's true of all practical
work in chemistry. However, you mighi be asked a question that says Apart from
wearing eve protevtion, explain a safety precaution that you would need to take in
doing this experiment. (2 markst.

Presence ol: Precaution and reason (mirks)

potsonous gas, ¢.g. chlorine. Do the experiment in a fume cupboard (1),
because chlorine is poisonous (1)

vorrosive liguid, e.g. acid o Clear up spills with a lot of water (1), because

sodium hydrovide solution. the acd (or whatever) is corrosive (1),

flammable liquid. e.g. ethanol. | Keep away from naked Hames (1), because the
ethanol might catch tire (1),

any hot liquid or apparatus, Take care not totouch (1), in case you burn
yourself (for solidst or scald yoursell {for

liquigdsy (1),
any especially fragike Be careful not 1o break the fragile pipette (1),
apparatus. c.g pipette or because you might cut yoursell (1)

thermometcer.

Table AY: Other posuble procautions

This is all fairly obvious when it is pointed out to you, but il your practical
experience is limited. you might not think of it under exam conditions.

Choosing and using measuring equipment

If your want 1o measure the mass of something, you would use a balance, [l you
want to measure a temperature, vou would use a thermometer. That's obvious, It
isn’t quite so obvious, though, when it comes to volumes, o this case, you have a
number of choices, and it is important to pick the right one

Cholees Include: measuring cylinders of various sizes, burettes, pipeties and gas
syringes.



Measuring volumes of liquid
Measuring cylinders

Measuring cylinders are fine lor approximate volumes, Choose the smallest
measuring cylinder that will take the volume you need, Trving to measure, say.
Sem’ina 100cm’ measuring cvlinder is going to be fairly inoccurate. Use a 10em?
cvlinder instead,

Pipettes

Pipettes will measure the volume printed on them very accurately (typically to
within 0,05 cm’). Common pipettes have volumes of 23 or 10¢m’, but you may
also come across other sizes, such as 3, 20 0r 30cm’,

Bureltes

The most common size of burette will measure variable volumes up to S0om?, and
vou can take measurements to the nearest 0.05cm’.

Measuring volumes of gas

To measure the volume of a gas you are collecting, you can either use a gas
syringe, or collect it into an inverted measuring cylinder over water. You will find
diagrams for both methods on page 47. A gas syringe is more accurate. and has to
be used if the gas is soluble in water.

Taking readings

You take your measurement from the bottom of the meniscus (if you hove a liquid)
—ignoring any liquid that has “curled up” at the sides. Edexcel examiners expect vou
to read a scale to an accuracy of half the smallest divisions marked on whatever
picve of apparatus vou are using. If the smallest division is 0.1 cm’, you are
expected to estimate the volume to the nearest 0.03 cm’ if the meniscus lalls
between two marks,

The diagram shows a burette reading of 3.83 cm’. Be very carelul to look closely at
which way the scale runs, Many students would make the mistake of reading this
as 6.150m’, because they don't notice that the menisaus is somewhere between 3
ard f on the scale Don't just read from the nearest number — think about what
vou are doing!

If you are reading a thermometer., the process is the same - unless it Is o mercury
thermometer. In that case. the surface of the mercury curls the other way, and you
would read from the 1op of the meniscus. Don't worry too much about this. In an
exam, it is usually Eirdy obvious what you should be reading. Just take care in
using the scale.

Recording readings

The number you write down should show the degree of accuracy used. For
example, if @ burette reading happened to fall exactly on the 11 cm’ line, you
should record it as 11.00cm’, because it was possible to read it to 0.05cm’ - and
your answer wasn't 11.05 or 10.95 cm’. Recording it as 11 cm’ implics that you
couldn't read it more accurately than to the nearest 1em’.
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Figure A1 Devices for measuring volumes of fiquid
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Naotice that the figure for valume of acid
shows haow accurately it vas measured

Natice the figure of 11.0°C in the third
column of Table A2 That shows that the
tempemiare was measured acourate ta 0

of i degroe

Ifyou are asked how you would improve

the rehability of a set of results, say that you
would repeat the expanment (possibly mare
than once) and check the new resuds for
consistency wath the old ones If two sets of
results agree closely and a thard doesn't, then
you dscard the third set of results

Tables of results
Drawing up a table

Table A2 contains some real measurements that the author took during a piece of
practical work to measure the heat evolved when magnesium reacted with dilute
bydrochloric acid. Ignore the bottom row for the moment.

Volume of acid used = S0cm?*

Experiment

1 b3 3
Mass of weighing bottle plus Mg 12) 10807 10806 10.820
Mass of weighing bottle afterwards () IN684 10689 10687
Mass of Mg used (g) 0122 0117 @ 0133
Initial temperature (°C} 174 | 175 | 174
Maximum temperature (°C) 275 274 | 284
Temperature rise (°C) 01 99 | 110
Accuracy check — temperature rise per 821 | (846) | 827

gram of Mg (°C/g)
Table A2 B=sults fram an expariment (o meatire the oot evaived when magnesum reacts with dilule
Fydrochion: acl
Notice that Table A2 contains both measured and calculated results (the mass of
Mg used. and the temperature rise), Notice that every row and column is properly
labelled — including umits, wherever appropriate. Columi or row headings for
things such as mass, temperature, volume and time are vseless unless the units are
included, and you will lose marks for leaving them out,

If you have measured something like time In a vartety of units while you were
doing the expertment, you must change them to one consistent unit before you
draw up your table. For example, If you have measured times of 135, 2005, 455,
[ min, 1 min 205, 2 min, 5min, you must convert them all 1o seconds before you
can make use of them.

Reliability of results

If you just produce one set of results, you can't be sure that you haven’t made a
mistake somewhere. Experiments have to be repeated to check their reliability.
Reliable results are those that are In close agreement — but not necessardly
the same. All practical work has built-in errors, which you can't avoid. If you
have two results exactly the same, that’s just luck!

How can you tell whether your results are consistent and reliable? [n Table A2, the
last row calculates the temperature rise per gram of magnesium vsed, i this
experiment, than result should be consistent if your experiment is reliable,

Notice that two values are in close agreement. but the other one s slightly
different, When you were doing calculations from these results, you would omit
the results from experiment 2, because they aren't likely to be quite as reliable as
the others.



Processing the results
Graphs
Drawing good graphs

[t may sound obvious. but the most important tool you need s a very sharp pencil.
You can’t draw a good graph with a pen - and, of course, it Is Impossible to rub out
a mistake.

In an exam, you are likely to be given o graph gnd, probably with at keast one axis
unlabelled. Choose o scale thin uses as much of the graph paper as possible, but
without making it really difficult to plot the points. Label cach axis dearly (inink ).
and don’t forget the units, Plot the points carefully and, if any don't seem to be
following the general patiern (Qowards o straight line or o smooth curve), double-
check them,

Anomalous results

Edexcel examiners may include one result that is clearly wrong, because it falls well
away from the pattern of the others. They call this an anomalous result, and will
usually ask you to draw a circle around it. They may also ask you to explain what
might have caused it. When you are drawing your straight line or curve, you
ignore the anomalous point completely.

Your explanation should be as provise as you can make it, Devide whether the point
is too high or too low on the graph. then try to think of an experimental reason
why that might have happened, It isn't enough to say simply that ‘wrong
measurements were taken’ = vou have to be much more precise, For example, "Too
much calcium carbonate was added by mistake, and that produced 100 much
carbon dioxide’'.

Stradght liove graphs

Most [but not all) straight line graphs that vou will get at GCSE will go through the
origin (0,01 Does your graph look as if it is godng to go through the origin? If so, is
it reasonable that it should go through the origin?

For example, il you were plotting results rom a reaction between calcdium
carbonate and bydrochloric acid, it would be reasonable that if you didn't use any
calcium carbonate, you wouldn't get any carbon dioxide, On the other hand. il you
were plotting rates of reaction against lemperature, it isn't reasonable to assume
that a reaction rate would be zero if the temperature was 0°C, I it does go through
the origin, that's really helpful, because it gives you one absolutely certain point,

Suppose you were plotting a graph from an expertment reacting small amounts of
caleium carbonate with dilute hydrochloric acid {Table A3). You are trying to lind
the relatbonship between the volume of carbon dioxide produced and the mass of
calcium carbonate used.

MassCaC0, (gl 0020 0.040 | 0060 | 0080 | 0100 | 0120

VolCO, lemy | 3 0 (13 |13 |24 |3

Table A3: Walume of carbon ditaide produced and mas of caloum carbonale vied when reacting caiclum
corborate wih dilute Ppfrochiorc acid

The graph must aso go through (0,0) as explainad above,

The best (in fact, the only) way of bemng wure
what the examiners want in this sort of case
15 to bock at mark schemes and Bammers
Reposts from past papers. You will find more
about thic as the end of this Appendix

Appendix A: ¢
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If you ar= going to be driawing a jot of graphs
in the future [because you are going to do
maths ar science subjects at a higher level,
for example, it & really worth bupng a
Mexible rubber ruler designed for the job. Do
an internel search [or flexible ruler. Don't
conluse the chunky rubber rulers for diawing
graphs, which stay in whatever shape you
put themn, with plastic rubers that will bend,
but return to thesr atignal shape when you
let them go. Those are very difficult to use to
draw cuives without an extra pair of hands!

This is an excellent example of why it s
escential to look at mark schemes for past
papers and 1ead Examiners’ Repoets. They
pont out the sort of arswers they worn't
accept. IF you have read 1, you won't make
the same mistake yourself, and so wont
waste marks, If you were unlucky, one mark
lost for & silly resson could be the difference
between an A'andan A, oraCand a 0. or
whatever else might be impoitant to you

Figure A2 is just a sketch graph of these ligures, You would need to draw this
voursell on graph paper to see exactly how the points should lie.

10+
25
0

fem?)

"

® anamalous point

vol of CO
=)

o w

0 om 004 006 008 pi0 02
mass of CaCO, ()

Figure A3 Vilume of carbon dianide produced wesus mass of calohum carlanate used.

This is a best it line, and the anomalous point hasn't been included. It musin’t be
— it is obviously wrong! When you drow a best fit line. make sure that you have
an even spread of points each side of the line you have draown, Don't worry if it
only goes through one or two of your points. In this case, the only point you are
certain about is (0,0} = your line must go through (0,0} in this particular
experiment.

Straight lines must be drawn with a roler. If you draw a straight line freehand, you
will lose marks,

Curved graphs

Exactly the same principles apply. except that it is more difticult to draw a smooth
curve than a straight line. The line shoukd still be a “best fit” curve and, again, you

shouldn’t indude any anomalous pointis) when you draow it. Don't assume that the
curve must go through the origin. In Figure A4, it won't.

Figure A4 shows how the rate at which oxygen was given oll during a reaction
varied with temperature, These are imaginary resulis just 1o illustrate @ point. They
don't relate 10 any real experiment.

w o
i

~N W
'

rate:em’ O, per second
- >
' L

o

T T T

10 2 £ “ 0 60
temperature {“C)
Flgure A4 The rate of an imaginary reacton Gpang temperatine.

(=]

In a case like this, you might be asked how you would modify the experiment to
obtain more results between 0 and 20°C, The obvious thing to do would be to cool
the substamces vou are going 1o react together, belore vou mix them, by
surrounding them with ice. More than once in the past, examiners hove
commented that students often suggested moving the experiment fo a colder
climate, You won't get credit lor that!



Grphs with umisiel shapes

Mecastonally, you might be giverr results that incresse for a bit, and then decrease
again. The final graph might be two intersecting stradghit lines. or o curve, as
shown in Figure AS.

Flgure AS Flatting umisual curves.

You need 1o look carefully af how the points fall to see whick of these you need to
draw. You may well find @ clue in the question — for example, the use of the word
‘curve at some point.

As a follow-on from graphs of this kind. you might be asked how you could
improve their accuracy. The answer is to take more readings around what is known
as the turning point’ of the graph. With either of these graphs (but especially the
curve), what you draw would be more accurate if vou had more points around the
peak in each case.

Bar cfurrts
Bar charts are easy (o draw, Don't forge 1o kibel them,

Describing the relationships shown by a graph

Look back at the straight line graph in Figure A2, What does it show? The correct
expression is that ‘the volume of carbon dioxide is directly proportional to the
mass of calcium carbonate used'. If you just say that ‘as the mass of calcium
carbonate increases, the volume of carbon dioxide increases’, that isn’t precise
enough. and you probably won't get the mark, That faulty statement could equally
well describe a curve,

The graph In Figure A4 s more difficult 1o describe. You can start by saying that as
the temperature increases, the rate gets faster, but you have 10 make the point 1k
the line is curved, The examiners commented on a stmilar question by sayving that
they were looking for words like ‘non-lnear’ or ‘exponential’, You could say
something like '"The rate increases exponentially with temperature’. That suggests a
strong upward curve.

Calculating results

You will find that the calculations involved with these questions are usually easy,
often with a simple formula that you have to slot numbers into. Two things nead a
comment.

Caleulating averages

This is a1 simiple thing 1o do, but if you are caleulating an average from s number of
results that include one or more inconsistent ones. vou would normally just rake
the average of the consistent ones, and ignore the others.

Technically, the term exponential increase’
has a precise mathematical meaning, which
won't necessanly apply to alf curves that look
like this. Howeser, ff in the past an Exarmaners’
Report recormmends you ta use the term,
thery can hardly twn around later and say
that it % wiong!
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Important! If 5 question just pves you

some numbers o find an average of without

any comment about corsstency, just take
a simple average. For example, one past
question asked for an average of 95, 96 and
S1_Surictly speaiing, you shauld gnare the
51 value because it & out of line with the
othet two. The answer given in the mark
scheme, however, was 94 (an iverage of
all three). You need to look at a lot of mark
schemes and Baminers’ Reportts to judge
how 0 decide what 1o do in cases like this!
{See the end of this Appendix.)

Alvways remember that. as a general rule,
one mark equals one peece of infarmation
- €0 three marks equals three peces of
Information, and <o on

For exaomple, with good titrarion technique you should get results than are
consistent to within 0, T0cm®. Suppose your actual results were

21.20 2145 21.320cm?*

You have two consistent results (21,20 and 21,300, and one that is outside the
usual limits of consistency for a titration, Take the overage of the two consistent
ones{21.25em’) and ignore the other one,

Significant figures

You shouldn’t quote an unswer to more significant gures than the least accurate
piece of information you are using in the calculation.

For example. il you are measuring a volume of gas as, say. 28 cm’. and a mass of
solid of, say, 1,323 & and vse both those igures in vour calculation, you can't
quode your answer to more than two significant figures, because that's all the least
accurate mumber (the volume) is quoted to,

And be careful when you round numbers to the correct number of signiticant
Hgures. Remember that you are rounding them — not just chopping off the
unwanted figures from your number. So, for example:

12.3826351 on your calculator rounds to 12.4 to three sig igs -~ not 12.7.

Remember that you round st 3 or greater upwards: anything less than 5, you round
down. For example:

2.4A5 rounds 1o 2.47 1o three sig figs;
2.464 rounds to 2.46 1o three sig ligs.

Modifying experiments

Suppose You were given o question involving rates of resction — for example. the
decomposition of hydrogen peroxide in the presence of mangmese(IV) oxide as a
catalyst, The resulis you are glven are designed 10 show how the temperature of
the reaction affects the rare, At the end of the question, vou might then be asked 10
suggest how you would find out how changing the concentration of the hydrogen
peroxide affects the rate, or how changing the quantity of catalyst affects i1,

What you are asked to do has got to be Fairly simple. because the number of marks
available isn't going to be more than about 3-3. In an IGCSE Chemistry exam, you
are working at the rate of about I mark per minute - and that includes thinking
time. There are two things you must keep in mind in answering a question like this.

Be precise about what you are talking about

Don't use vague expressions like ‘T would change the amount of hydrogen
peroxide.’ Avoid the word ‘amount’ entirely: If you are talking about a solution, say
whether you are intending 1o change the volume of the solution. or its
concentration. If you are talking about a solid, say whether you are talking ubout
changing its mass, or bow many moles of it you have got, or its surface area. You
must be precise in order 1o get the mark



Make sure you are describing a fair test

Whatever it Is that you are changing, that must be the only thing which
changes from onc experiment to the next. If you are changing the
concentration of one solution, the concentration of every other solution involved
must stay the same as before, The total volume must stay the same, The
temperature must stay the same, The mass of any solid must stay the same, and so
must its state of division (powder, small lumps. big lumps. and so on), so that its
surfuce arca stays the same.

The only way to be sure that you know what sort of things the examiners want is
to look carcfully at similar questions they have asked in the past, together with the
mark schemes and the examiners' comments,

Maximising your success

The very best way of revising for the exam at the end of your course ks to work
through past papers set by your examiners - looking especially at the most recent
ones. You need to check your answers against the published mark schemes and
against the comments in the Examiners’ Reports. The Examiners’ Reports are
particularly useful for these practically based questions. where what they are
looking for isn't always obvious.

This book was written for the new Edexcel IGCSE Chemistry specification (svllabus)
to be examined lor the lirst time in 2011, =0 in the early stages there will be a
shortage of past papers tied directly to the new speafication. In that case. vou will
have to look instead at the questions set in similar exams in the past,

Appendix A: *

In the new specification, practically bagsed questions are mixed up with more
theoretical ones in the same exam papers. Previously, there was a separate paper in
which all the practical questions were found.

m the website accompanying this book, you will tind advice about how to get hold
of past papers, mark schemes and reports for the new specitication as soon as they
become available after May 2011 {the lirst exam for the new specification ).
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acid raine 57

acids 70
carbonate reactions 4 1-h. 75
concentration and reaction rate 43,
44-3
metal hydroxide reactions 74-5
metal oxide reactions 734
pH and indicators 70-1
reavtion with metals 66, 71-3, 121
in solution 78
theorles of 76-8
see also Indrochloric ackd: sulfuric
dk'kl
activation cnergy 45, 49-30
addition polymerisation 169-71
addition resctions, alkenes 1589
air, composition of 54-5
alabaster 179
alcohol see ethranol
alcohiols 154
dehvdrating, 161
beat evolved in burning 206-7
production of ethanol 139-60
alkali metals 102
compounds of 104
resrctions with warer 103-4
storage amd handling 102
see afso Hthinm: potasstum; sodium
alkanes 156
coding 151
homologous serees 156-7
reactions 157
structural isomerism 153
alkenes 138
addition reactions 158-9
coding 151
structural isomerism 154
see also ethene
alloving 25
alloys 25, 10, 140, 141, 144, 145

aluminium
calculation involving 191
discovery of 140
extraction of 140-1
reaction with dilute acid 66
solubility of salts §2
usesof 141

ammonia
collecting and identifying 93

covalent bonding 15, 17

and hydrochloric acid 76
muanufacture of 133

reaction with hydrogen chloride 77
uses of 134

ammonium salts

ammonium chloride 3. 4. 76, 77,
125

ammonium sulfate, making 83
solubility of 82
testing presence of 95

“ane’ endings 131, 152

anbvdrous salis 82-3
anhydrous copper i) sulfare, water
test 93, 1235

antons (negative lons) 18, 113
anode (positive electrodet 113-18
anomalous results 221, 222
aqueous solutions, chactrolysis 11518
argon 10, 11, 14, 101

Arrhenius theory, acids and bases 76
astatine 105

‘ate’ endings 35

atomiv (proton | number 7-9, 99
atomic structure 611

averages, caleulating 223-4
Avogadro constant 182

Avogadro’s law 189

128-9
balanding equations 36-8
barium chlorkde 86-7. 96, 184
barium nitrate 35

back reactions 127,

barium suliate 86-7, 96

bases 74
metal carbonates 73
metal hydroxides 74-3
metal oxides 734
theories 76-8

basic oxides 74, 1473

bausite 137, 140

best fit line 222

biofucls 161

biologtical catalysts (enxymes) 46, 139

bitumen 164, 163, 16A

bleach 137
boiling 2. 21
boiling points
alkali metals 102
alkunes 136
cthianol and water 90, 160
hydrocarbons 164-3
noble gases 101
Bombardier beetles 46
bond energies 2024
bonding 13-21
vovalent 13-17
jonic 17-19
metallic 20
branched chains 132, 153, 163
brass 23
bromides, testing lor 96

bromine 3. 105
corrosiveness of 106
displacement reactions 107-8
electrolysis of molten lead )
bromide I113-15
reaction with alkenes 158-9
reaction with hydrogen 106
reactions with alkanes 157

Index

Eronsted-Lowry theory 77-8
bronze 140

burning see combustion
butane isomers 153

butene isomers 154

cacsium 102, 103
calciuom 11
jons, fame test for 94
reaction with water fd
calcium carbonate
attacked by acid rain 37
and hard water 210
heating to produce quicklime 122
and hydrochloric acid 41-6, 81
and iron extraction 142-2
mraass calculation 187
molar calculation 192
not reacting with sulfuric ackd 81

calcium chloride 19, 38, 41, 81, 180D

calcium hydroxide 58. 64, 74,92, 121,
I78


































