| .CAlCuhﬁ&ﬁS . A
for A-level

'CHEMISTRY

THIRD EDITION
| 2

] E. N. Ramsden



©E N Ramsden 1982, 1987, 1993

Al rights reserved. No part of this publication may be reproduced, stored in 2
rerieval system o transmitted in any form or by any means, clectronic,
mechanical, photocopying, recording or otherwise, without the prior written
consent of the copyright holders. Applications for such permission should be
addressed to the publishers: Staniey Thornes (Publishers) Ltd, Old Station Drive,
Leckhampton, CHELTENHAM GLS53 ODN, England.

First published in 1982

Second edition published in 1987

“Third edition published in 1993 by:

Stanley Thomes (Publishers) Ltd

Ellenborough House, Wellington Street, CHELTENHAM GL30 1YW

00 01 02 03 04 05 /20 19 18 17 16 15 14 13 12 11
A catalogue record of this book is available from the British Library.

ISBN 0-7487-1594-0

ACKNOWLEDGEMENTS

1 hank e following examination boards for permission o print questions from
recent Adevel pay

The Associated Examining Board; The Joint Matriculation Board; The Northern
Ircland Schools Examinations and Assessment Council; The Oxford and Cambridge

London School Examinations Council; The Welsh Joint Education Committee.
y numerieal values have been taken from the Chemistry Data Book by
J G Suark and HC Wallce (publshed by John Murray» For help with def
and physicl constants,eference has been made to Physico-<hemnical Quantitics
and Units by M L McGlashan (published by The Royal Institute of Chemistry)
v been forune n receiving xcellent advice from Profesor R R Baldwin,
Professor R P Bell, FRS, Dr G H Davies, Professor W C E Higginson, Dr K A

h
help they have given me. | am indebted to Mr ] P D Taylor for checking the
answers to the problems in the Firsc Edition and for many valuable comments,
and corrections.
1 thank Stanley Thornes (Publishers) for their collaboration and my family for
their encouragement
EN Ramsden
Oxford 1993

Typeset by Tech-Set, Gateshead, Tyne & Wear
Primed in Grea Brivain by Redwood Rooks, Trowbridge. Wilshire



Contents

List of Exercises v
Foreword by Professor R P Bell FRS vii
Preface viii
Basic

1
Using equations 1 — rearranging cquations 2 —a triangle for rearranginy
equations 3 — cross+ mur‘_F_Jt!p_ylng 4 — calculations on ratio 5 — working
with numbers in_standard form 6 —how to_enter_exponents on a
calculator_7 — estimating_you_answer 7 — logarithms_7 — antilog-
arithms 9 — rounding_off_numbers 9 — cholce of a_calculator 10—
units 11 — solution of quadratic equations 13 — drawing graphs 13 =

a final point 15

2 Formulae and equations 17
Formulae 17 — equations 18

3 Rela atomic mass 21
Relative atomic mass 21 — relative molecular mass 21 — percentage
composition 23

4 The mole 27

5 Equations and the mole
Calculation based on chemical equations 32 — uﬁg The massés o
reactants to work out the equation for a reaction 36 — percentage
yield 38 — limiting reactant 39

6 Finding formulac 41
Empirical formulae 41 — molecular formulae 42

7 Reacting volumes of gases 46
Gas molar volume 46 — finding formulae by fon 49

8 Volumctnc Analysis 59

9 — acid-base titrations 62 —
reactions 69 — potassium mangunate(VIl) sisaions 76 ~ potassium
dichromate(V]) titrations 79 — sodium _thiosulphate titrations 80
tirations 38 ons 90
9__The Atom 104

‘Mass spectrometry 104 — nuclear reactions 111

i



10 13
Th= gas laws 115 — Boyle's law 115 — Charles’ law 115 ~ the equation
of state for an ideal gas 115 — Graham's law of diffusion 117 — the
gas molar volume 119 — Dalton’s law of partial pressures 120 — the
ideal gas equation 122 — the kinetic theory of gases 123

Liquids 127

ments of molar mass 127 — vapour pressure 131 — solutions of solids
in liquids: osmotic pressure 132 — solutions of liquids in liquids 134
immiscible liquids: sum of vapour pressures 136 — fa

148 — evolution of gases 150 —

153 —molar_conductivity and_concentration 154 — calculation_of
solubility from conductivity 156 — fonic equilibria; weak electrolytes
156 — calculation of the degree of dissociation and the dissociation
constant of a weak electrolyte from conductance measurcments 158
— calculation of pH, pOH and pK 159 — buffer solutions 167 —
solubility and solubility product 169 — the common ion effect 171
— electrode potentials 175 — galvanic cells 176

13 Thermochemistry 189
Internal energy and enthalpy 189 — standard enthalpy change for a
chemical reaction 191 — standard enthalpy of neutralisation 192 —
finding the standard enthalpy of a compound indirectly 193 —
standard enthalpy of reaction from standard enthalpies of formation
196 — standard_bond_dissocation_enthalpies 197 — average standard
bond enthalpies 197 — standard enthalpy of reaction from average
standard_bond_enthalpies 199 — the Born-Haber cycle 200 — frec
energy and entropy 207 — calculation of change in standard entropy
208 — calculation of change in standard free energy 208

14__Reaction Kinetic: 223

225 — pseudo-first-order reactions 226 drorder reactions, with
reamnts of equal concentration 227 — zero-order reactions 229 —
the effect of temperature on reaction rates 229

15 Equilibria 248
‘Chemical cquilibrium 248 — the cquilibrium law 248

16 Organic Chemistry 260
Answers to Exercises 270
Table of Relative Atomic Masses 293
Periodic Table of the Elements 204

Index 296




List of Exercises

1 Practice with Calculation: 15
2 Practice with Equations 20
3 Problems on Relative Molecular Mass 23
4 Problems on Percentage Composition 25
0
roblems on Reacting Masses of Solids 3
roblems on Derviing Equations 7
roblems on Percentage Yield 5
roblems on Limiting Reactant 0
10 Problems on F- 43
roblems on Reacting Volumes of Gases 47
roblems on Finding Formulae by Combustion 51
roblems on Reactions Involving Solids and Gases 51
Questions from A-evel papers 54
roblems on Ci 61
16 Problems on 66
- \umber: 74
Redox Reactions 85
Problems on C tric Titrations 9
Problems on Titrations
‘Questions from A-level Papers
Problems on Mass T
Questions from A-level Papers 1
Problems on Nuclear Reactions 1
25 Questions from A-level Papers 12
olumes 117
29 Problems on Partial Pressures of Gases 121
30 _Problems on the Kinetic Theory and the Ideal Gas Equation 123
31 Questions from A-Jevel Papers 124
32 Problems on Molar Massc: a(Vul.mlc Substances 130
33 Problemson 131
34 Problems on Vapour Prcssulcs o quulds 132
k3 Problems on Osmotic Pressure 133
36 Problems on Vapour Pressures of Solutions of Two Liquids 136
37_Problems on Steam Distillation 13
38 Problems on Partition 140
39 Questions from A-level Papers 141
40 Problems on Electrolysis 151
41 Problems on Molar Conductivity 159
42 Problems on pH 164
43 Problems on Buffer 163




44 Problems on Solubility Products 172

45 Problems on Standard Electrode Potentials 178
46  Questions from A-level Papers 179
47 _Problems on Standard Enthalpy of Neutralisation 192
35 Problems on Standand Enthalpy of Reacron and Average Swnderd.
Bond Enthalpies
49 Problems on Standard Entropy Change and Standard Free Energy
Change 209
50 Questions from A-level Papers 211
51_Problems on Finding the Order of Reaction 231
2 Problems on First-order Reactic
53 Problems on Second-order Reactions 234
54 Problems on Radioactive Decay 235
55 Problems on Rates of Reaction 236
56 Problems on Activation Energy 237
57 Questions from A-level Papers 237
58 Problems on Equilibria 252
59 Questions from A-level Papers 254
60 Problems on Organic Chemistry 262
61 Questions from Adlevel Papers 264

Some of the exercises are divided into an easier section (Section 1)
and 2 more advanced section (Section 2). Questions from Adevel
apers are on the immediately preceding topic(s). Each question is
appended with the name of the Examination Board and the year
(90 = 1990 etc). p indicates a part question, S an S-level question,
AS an Advanced Supplementary question and N a Nuffield syllabus.
The most difficult (often S-level) questions are also denoted by an
asterisk.

ABBREVIATIONS OF EXAMINATION BOARDS

AEB  Associated Examining Board

c University of Cambridge Schools Local Examinations
Syndicate

JMB  Joint Matriculation Board

L University of London Schools Examinations Council

NI Nord\ern Ireland Schools Examinations and Assessment

Orxford Delegacy of Local Examination
O&C  Oxford and Cambridge Schools Examinations Board
WJEC  Welsh Joint Education Committee

vi



Foreword

It is a common complaint of university and college teachers of physical
sciences that many of their incoming students are unable to carry out
even simple calculations, although they may appear to have a satis-
factory grasp of the underlying subject matter. Morcover, this is by
no means a trivial complaint, sincc inability to solve numerical
problems nearly always stems from a failure to understand funda-
mental principles, rather than from mathematical or computational
difficulties. This situation is more likely to arise in chemistry than in
physics, since in the latter subject it is much more difficult to avoid
quantitative problems and at the same time produce some semblance
of understanding.

In attempting to remedy this state of affairs teachers in schools often
feel the lack of a single source of well-chosen calculations covering
all branches of chemistry. This gap is admirably filled by Dr Ramsden's
collection of problems. The brief mathematical introduction serves
to remind the student of some general principles, and the remaining
sections cover the whole range of chemistry. Each section contains
a theoretical introduction, foliowed by worked examples and a large
number of problems, some of them from past examination papers.
Since answers are also given, the book will be equally useful in schools
and in home study. It should make a real contribution towards
improving the facility and understanding of students of chemistry
in their last years at school and in the early part of their university
or college courses.

RP Bell FRS
Honorary Research Professor, University of Leeds, and
formerly Professor of Chemistry, University of Stirling



Preface

Many topics in Chemistry involve numerical problems, Textbooks are
not long enough to include sufficient problems to give students the
practice which they need in order to acqulre a thorough mastery of
calculations. This book aims to fill that nee

Chapter 1 is a quick revision of mathematical techniques, with special
reference to the use of the calculator, and some hints on how to
tackle chemical calculations. With cach topic, a theoretical back-
ground is given, leading to worked examples and followed by a large
number of problems and a selection of questions from past examina-
tion papers. The theoretical section is not intended as a full treatment,
to replace a textbook, but is included to make it casier for the student
<0 use the book for individual study as well as for class work. The
inclusion of answers is also an aid to private study.

‘The material will take students up to GCE A-and S-evel examinations.
It will also serve the needs of students preparing for the Ordinary
National Diploma. A few of the topics covered are not in the Alevel
syllabuses of all the Examination Boards, and it is expected that
students will be sufficiently familiar with the syllabus they are
following to omit material outside their course if they wish. S-evel
topics and the more difficult calculations arc marked with an
asterisk.

Many students are now starting Adevel work after GCSE Science:
Double Award. The coverage of chemical calculations in the syllabuses
for double award science is slighter than it was in the syllabuses for
GCE O-level Chemistry and GCSE Chemistry. 1 have taken this into
account in the Third Edicion. In previous editions, I assumed that

Science have spent little time on quantitative work, I have taken a
more gradual approach in the Third Edition. 1 hope that this approach
will also suit students with no previous experience of chemical calcula-
tions. In the Third Edition I have included more foundation work on
formulae, the mole, calculations based on chemical equations and
volumetric analysis than in carlier editions. A number of topics which
are no longer included in Adevel syllabuses have been dropped, and
the selection of questions from past papers has been updated.

EN Ramsden
Oxford 1993
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1 Basic Mathematics

INTRODUCTION

Calculations are a part of your chemistry course. The time you spend
on calculations will be richly rewarded. Your perception of chemistry
will become at the same time deeper and more precise. No onc can
come to an understanding of science without acquiring the sharp,
logical approach that is necded for solving numerical problems.

To succeed in solving numerical problems you need two things. The
first is an understanding of the chemistry involved. The second is
some facility in simple mathematics. Calculations are a perfectly
straightforward matter. A numerical problem gives you some data and
asks you to obtain some other numerical values. The connection
betwéen the data you are given and the information you are asked for
is a chemical relationship. You will need to know your chemistry to
recognise what that relationship is.

“This introduction is a reminder of some of the mathematics which you
studied carlier in your school career. It is included for the sake of
students who arc not studying mathematics concurrently with their
chemistry course. A few problems are included to help you to brush
up your mathematical skills before you go on to tackle the chemical
problems.

USING EQUATIONS

Scientists arc often concerned with measuring quantities such as
pressure, volume, electric current and electric potential difference.
Sometimes they find that when one quantity changes another quantity
changes as a result. The related quantities are described as dependent
wariables. The relationship between the variables can be written in the
form of a mathematical cquation. For example, when a mass of gas
expands, its volume increases and its density decreases:

Density « 1/Volume

‘The sign & means ‘is proportional 0", so the expression means ‘density

is proportional to 1/volume’ or ‘density is inversely proportional to

volume”.

‘The relationship between the volume and density of a mass of gas is:
Mass

Demsity = 3 ume



2 Calculations for A-level Chemistry
‘This equation can also be written as:
Density = Mass + Volume
and as: Density = Mass/Volume.

If you are given two quantities, mass and volume, you can use the
equation to calculate the third, density.

For :xamel:, the mass of an aluminium bar is 21.4g, and its volume
s 7.92 cm®. What is the density of aluminium?

Using the equation
Density = Mass/Volume
Density = 21.4g/7.92 cm®
= 2.70gem™

Notice the units. Since mass has the unit gram (g) and volume has the
unit_cubic centimetre (cm?), density has the unit gram per cubic
centimetre (gem”).

REARRANGING EQUATIONS

You might want to use the above equation to find the mass of an
object when you know its volume and density. It would help to
rearrange the above cquation to put mass by itself on one side of the
equation, that is in the form

Mass = ?
In the . Densi Mass
the cquation ensity =
n the equat Y = Volume

mass is divided by volume, so to obtain mass by itself you must multi-
ply the righthand side of the equation by volume. Naturally, you
must do the same to the left-hand side. Then

Density X Volume = X Volume-

thatis Mass = Density X Volume

Perhaps you need to use the equation to find the volume of an object
when you know its mass and density. Then you rearrange the equation
to put volume alone on one side of the equation. In the cquation

Mass = Density X Volume

the term volume is multiplied by density. To obtain volume on its
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own you must divide by density. Doing the same on both sides of the
equation gives

Mass___DensityX Volume

Density ~ Density~
or Volume =~
Density

A TRIANGLE FOR REARRANGING EQUATIONS
A short cut for rearranging equations is to put the quantities into 2
triangle. For the equation,

X =YXz
the triangle is

Cover up the letter you want; then what you see is the equation you
need to use. If you want ¥, cover up ¥; then you read X/Z, so you
know that ¥ = X/Z. If you cover Z, you read X/, so you know that
7 =X/Y is the equation you need.

PRACTICE 1

Draw a triangle to show the equation
Mass = Density X Volume

Cover up Density, and write the equation for Density

Cover up Volume, and write the equation for Volume = 2

The equation relating po(cntul difference, V, resistance, R, and
current, , is ‘The equation means just the same written
without the multiplication sign as = RI, Rearrange the equation
a)in the form =2, b) in the form R = 2.

Draw a triangle to show the relationship
2) Cover up R. Complete the equation R
b) Cover up 1. Complete the equation = ?
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4. The concentration of a solution can be expressed
. Mass of solute
Concentration = ot
Volume of solution

Rearrange the equation a) into the form Mass of solute = ? and
b) into the form Volume of solution = ?

-

. Rearrange the equation P = QR a) into the form Q = ? and
b) into the form R =

CROSS-MULTIPLYING

Once you have understood the ideas bchmd rearranging equations,
you can try the method of cross-multiplying. If

av
then by crossmultiplying, you obtain

ad = be

How can you find out whether this is correct? First multiply both
sides of the first equation by d:

ad _of
D
Next multiply both sides by b:
Ay
'
Thatis ad = be

which is the equation you obtained by cross-multiplying. This shows
that cross-multiplying only puts into practice the method of multiply-
ing or dividing both sides of the equation by the same quantity.

Now that you have the equation ad = be
to obtain an equation for a, divide both sides by d; then
= be/d
to obtain an equation for d, divide by a; then
= bc/a
and similarly,
b = adle
¢ = ad/b



Basic Mathematics 5

PRACTICE 2

1. The pressure, volume and temperature of a gas are related to the
gas constant, K, by the cquation

rP_R

T v
Rearrange the equstion by crossmuliplying to obtsn equatons
for a) T and b)

2. The resistance of an electrical conductor is given by
= pXUA
where R = resistance, p = resistivity, /= length and A = cross-
sectional area. Rearrange the equation to give ) an equation of
the form p =2 and b) an equation of the form A =
3. Rearrange the equation
axb _ p
c gxr

to give 1) an equation for p and b) an equation for g.

CALCULATIONS ON RATIO

EXAMPLE 1

EXAMPLE 2

Many of the calculations you mect involve ratios. You have met this
type of problem in your maths lessons; do not forget how to solve
them when you meet them in chemistry!

Nancy pays 78p for two toffec bars. How much does Nina have to
pay for five of the same bars?
You can tackle this problem by the unitary method:

If 2 toffee bars cost 78p,
1 toffee bar costs 78/2p
and 5 toffee bars cost 5% 78/2p = 195p = £1.95.

me reacts with dilute acids to give hydrogen. If 0.0400 g of hydrogen
s formed when 1.30g of zinc reacts with an excess of acid, what mass

of zine is necded 1o produce 6.00 g of hydrogen?

Again, the unitary method will help you.

1£ 0.0400 g of hydrogen is produced by 1.30g of zinc,

then 1.00¢ of hydrogen is produced by 1.30/0.0400 of zinc

and 6.00g of hydrogen are produced by 6.00X 1.30/0.0400g of zinc

= 195gof zinc
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PRACTICE 3

If 0.020¢ of a gas has a volume of 150 cm® what is the volume of
32 of the gas (at the same temperature and pressure)?

~

. 88g of iron(ll) sulphide is the maximum quantity that can be
obtained from the reaction of an excess of sulphur with 56g of
iron.

What is the maximum quantity of iron(ll) sulphide that can be
obtained from 7.00g of iron?

w

. A firm obtains 80 tonnes of pure calcium carbonate from 100
tonnes of limestone. What mass of limestone must be quarried
to yield 240 tonnes of pure calcium carbonate?

WORKING WITH NUMBERS IN STANDARD FORM

You are accustomed to writing numbers in decimal notation, for
example 123 677.54 and 0.001678. In working with large numbers

, you will find it convenient to write them in a
own as scientific notation or standard form. This
means writing a number as a product of two factors. in the first
factor, the al point comes after the first digit. The second
factor is a multiple of ten. For example, 2123 = 2.123 X 10° and
0.000167 = 1,67 X 10”%. 10° means 10X 10X 10, and 10™* means
1/(10X 10 X 10 X 10). The number 3 or —4 is called the exponent,
and the number 10 is the base. 10% is referred to as ‘10 to the power 3"
or 10 to the third power’. You will have noticed that, if the exponent
is increased by 1, the decimal point must be moved one place to the
left.

2.5X10° = 025X 10° = 25X 10? = 250X 10' = 2500X 10°
Since 10° = 1, this last factor is normally omitted.

When you multiply numbers in standard form, the exponents are
added. The product of 2 X 10* and 6 X 10°2 s given by

@X109%X(6X107%) = (2X6)X (10*X 1072
= 12x10° = 12x10°

In division, the exponents are subtracted:
100

144x10° _ 144,
450Xx107 450 107%

In addition and subtraction, it is convenient to express numbers using
the same exponents. An example of addition is

(6.300X 10%) + (4.00X 107" = (6.300 X 10?) + (0.00400 X 10)
= 6.304X 10

= 0.320X 10° = 3.20x 107
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An example of subtraction is
(3.60X107%) - (420X 107%) = (3.60 X 107%) —(0.420 X 107%)
= 3.18x107

How to enter exponents on a calculator

To enter 144X 10°, you enter 1.44; then press the EXP key, then
the 6 key.

To enter 4.50% 107, you enter 4.5; then press the EXP key, then
the 2 key, and lastly the +/— key.

To enter 107, you enter 1; then press the EXP key, then the 3 key,
and lastly the +/— key.

ESTIMATING YOUR ANSWER

One advantage of standard form is that very large and very small
numbers can be entered on a calculator. Another advantage is that you
can easily estimate the answer to a calculation to the correct order of
magnitude (i.c. the correct power of 10).
For example,
2456X0.0123X0.004 14
5223 % 60.7 X 8.51
Putting the numbers into standard form gives
2456x10°x 123X 107X 4.14 X 10°*
5223X10°X 6.07 X 10X 8.51
‘This is approximately
3% 10-2X 10-3
2X1X4 10°X10X107 1o g0
5X6X8 10°x10 30
By putting the numbers into standard form, you can estimate the
answer very quickly. A complete calculation gives the answer

4.64 X 107", The rough estimate is sufficiently close to this to re-
assure you that you have not made any slips with exponents of ten.

LOGARITHMS

The logarithm (or ‘log’) of a number N is the power to which 10 must
be raised to give the number.
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€N =1, thensince  10° = 1, gN = 0.
IfN = 100,  thensince 107 = 100, IgN = 2.
IfN = 0.001, thensince 107* = 0.001, IgN = —3.
We say that the logarithm of 100 to the base 10 is 2 or Ig 100 = 2.

There is another widely used set of logarithms to the base ¢. They are
called natural logarithms as e is a significant quantity in mathematics.
It has the value 2.71828 . . . Natural logarithms are written as InN.
The relationship between the two systems is

InN = In10XIgN

Since In10 = 2.3026, for most purposes it is sufficiently accurate
to write

InN = 23031gN

Whenever scientific work gives an equation in which In N appears, you
can substitute 2.303 times the value of IgN.

To obtain the log of a number, enter the number on your calculator
and press the log key. The value of the log will appear in the display.
This will happen whether you enter the number in standard form or
another form. For example, Ig12345 = 4.0915, whether you enter
the number as 12345 or as 1.2345 X 10°. However, there is a limit
to the number of digits your calculator will accept, and you need to
enter very large and very small numbers in standard notation.
Operations on logarithms are:
Multiplication. The logs of the numbers arc added:
Ig(AXB) = lgA+1gB
Division. The logs are subtracted:
1g(P1Q) = 1gP—lgQ

Powers. This is a special case of multiplication.

1gA? = lgA+lga = 2lga

1gA™ = —31gA
Roots. Itis easy to show that Igy/B = }gB.

Since B = BV X BY?
IgB = lgBY?+1gB"?
1gBY? = 1igB

Similarly, 1gV/B = ilg8
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ANTILOGARITHMS

Your calculator will give you the antilog of a number. You should
consult the manual to find out the procedure for your own model
of calculator.

Most calculators will give you redproaals, squares and other povers,
square roots and other roots directly. If you have a simpler form of
calculator, you can obtain powers and roofs by using logarithm:

ROUNDING OFF NUMBERS

Often your calculator will display an answer containing more digits
than the numbers you fed into it. Suppose you are given the
information that 18.6cm? of sodium hydroxide solution exactl

neutralise 25.0em? of a solution of hydrochloric acid of concentra-
tion 0.100mol dm~>. You want to find the concentration of sodium
hydroxide solution, and you put the numbers (25.0X0.100)/18.6
into your calculator and obtain a value of 0.134 408 6 mol dm-2. The
concentration of the solution is not known as accurately as this,
however, because you cannot read the burette as accurately as this.

Since you read the burette to three figures, you quote your answer to
three figures. In the number 0.134 408 6, the figures you are sure of
are termed the significant figures. The significant figures are retained,
and the insignificant figures are dropped. This operation is called
rounding off. If the first number had been 0.134708 6, it would have
been rounded off to 0.135. If the first of the insignificant figures
being dropped is 5 or greater, the last of the significant figures is
rounded up o the next digit. If the first of the dropped figures s less
than 5, the last significant figure is left unaltered.
Some calculations involve several stages. It is sound practice to give
one more significant figure in your answer at each stage than the
number of significant figures in the data, Then, in the final stage, the
answer is rounded off.
If the calculation were (25.00.100/26.2 = 0.095 419 84 mol dm™2,
would you still round off to 3 significant figures? This would make
the answer 0.0954moldm=. Stated in this way. the answer is
claiming an accuracy of 1 part in 954 — about 1 part in 1000. Since
the hydrochloric acid concentration is known to about 1 part in 100,
the answer cannot be stated to a higher degree of accuracy. You have
to use the 3significancigor rule sensiby, and say that an ertr of
n 95 is about as significant as an error of +1 in 134. The answer
<hould thesctore be quoted as 0.095 mol dm™

The number of significant figures is the number of figures which is
accurately known. The number 123 has 3 significant figures. The
number 1.23 X 10¢ has 3 significant figures, but 12300 has 5 signifi-
cant figures because the final zeros mean that each of these digits is
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known to be zero and not some other digit. The number 0.001 23 has

3 sgnifican fgures. The number 25.1 has 3 sgnifican figures, and
the number 25.10 has 4 significant figures as the final 0 states that the

value of this number is known to an accuracy of 1 part in 2500,

In addition, the sum is known with the accuracy of the least lisble

numbers in the sum. For example, the sum of

14167
41005 g
+ 702 g
is 109.0367¢

Since 1 figure is known to only 1 place after the decimal point, the
sum also is known to 1 place after decimal point and should be
written as 109.0g. The same guideline is used for subtraction.

In multiplication and division the product or quotient is rounded off
to the same number of significant figures as the number with the
fewest significant figures. For example, 12340X2.7X0.00365 =
121.6107. The product is rounded off to 2 significant figures,
12X 10%

CHOICE OF A CALCULATOR

The functions which you need in a calculator for the problems in
this book are:

Addition, Subtraction, Multiplication and Di
Squares and other powers (x?and ¥ keys)
Square roots and other roots (/x and x'* keys)
Reciprocals

Log,oand antilog,o(10)

Natural logarithms, In, and antiln, (c*)
Exponent key and +/— key

Brackets

Memory

A variety of scientific calculators have these functions and others
(such as sin, cos, tan and Zx) which will be useful to you in physics
and mathematics problems.
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Basic Mathematics "

There are two sets of units currently employed in scientific work. One
is the CGS system, based on the centimetre, gram and second. The
other is the Systéme Internationale (SI) which is based on the metre,
kilogram, second and ampere. SI units were introduced in 1960, and
in 1979 the Association for Science Education published a booklet
called Chemical Nomenclature, Symbols and Terminology for Use
in Schaol Science that recommended that schools and colleges adopt
this system.

Listed below are the SI units for the seven fundamental physical
quantitics on which the system is based and also a number of derived
quantities and their units.

Chemists are stll sing some of the CGS units. You will find mass in g;

volume in em? and_dm; concentrations in moldm"3 or mol lize';

conductivity in ©}cm as well as °'m. Pressure is sometimes
given in mm mercury and temperatues in °C.

Basic SI Units

Physical Quantity Name of Unit Symbol
ength metre m
Mass kilogram kg
Time second s
Electric current ampere A
Temperature kelvin K
Amount of substance  mole mol
Light intensity candela od

Derived SI Units

Physical Quantity Name of Unit Symbol  Definition
Energy joule J kgm?s~?
Force newton N Jm™!
Electric charge coulomb c As
Electric potential

difference volt v JATsT
Electric resistance ohm Q VA
Area square metre m?
Volume cubic metre m?
Density kilogram per cubic

kgm™3
Pressure newton per square
metre or pascal Nm~Zor

2
Molar mass kilogram per mole kgmol™!
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With all thesc units, the following prefixes (and others) may be used:

Prefix Symbol Meaning
deci d 107!
centi c 1072
milli m 1072
micro N 107¢
nano n 10°°
kilo k 10°
mega M 108
giga G 10°
tera T 101

It is very important when putting values for physical quantities into
an cquation to be consistent in the use of units. If you are, then the
units can be treated as factors in the same way as numbers. Suppose
you are asked to calculate the volume occupied by 0.0110kg of
carbon dioxide at 27°C and a pressure of 9.80 X 10*Nm™2, You
know that the gas constant is 8.31]mol 'K and that the molar
mass of carbon dioxide is 44.0gmol 1. Use the ideal gas equation:

V = uRT
The pressure P = 9.80 X 10°Nm"2
The constant R = 8.31JK'mol™!
The temperature T = 27 +273 = 300K
‘The number of moles

n = Mass/Molar mass
= 0.0110 kg/(44.0X 10 kgmol )
= 0.250mol
0.250mol X 8.31J K~*mol~! X 300K
9.80X 10*'Nm™?
= 6.34X1073JN"'m?

Since Nm  (1joule = 1newton metre)
6.34X10°NmN™'m?

6.34X 107 m?

Volume has the unit of cubic metre. This calculation illustrates what
people mean when they say that SI units form a coberent system of
units. You can convert from one unit to another by multiplication and
division, without introducing any numerical factors.
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SOLUTION OF QUADRATIC EQUATIONS

A quadratic equation is the name for an equation of the type
ax*+bxtc =0

x is the unknown quantity, a and b are the coefficients of x, and ¢ is
2 constant. The solution of this equation is given by

EN
x

2a
There are two solutions to_the equation. Often you will be able to
decide that one solution is mathematically correct but physically
impossible. You may be calculating some physical quantity that
cannot possibly be negative so that you will ignore a negative solution
and adopt a positive solution.

DRAWING GRAPHS

Here are some hints for drawing graphs.

a) Whenever possible, data should be plotted in a form that gives a
straight line graph. It is easier to draw the best straight line through a
set of points than to draw a curve.

If the dimensions x and y arc related by the expression y = ax + b,
then a straight line will ‘resulc when experimental valucs of y arc
plotted against the corresponding values of x. The values of x are
plotted against the horizontal axis (the x-axis or abscissa), and the
corresponding values of y are plotted along the vertical axis (the y-axis
or ordinate). The gradient of the straight line obtained = a, and the
intercept on the y-axis = b (see Fig. 1.1).

Fig. 1.1 Plotting  graph

b) Choose a scale which will allow the graph to cover as much of the
picce of graph paper as possible. There is no need to start at zero. If
the points lie between 80 and 100, to start at zero would cramp your
graph into a small section at the top of the page (see Fig. 1.2).



14

Calculations for A-level Chemistry

Choose a scale which will make ploting the data and reading the
graph as simple as possible.

©) Label the axes with the dimensions and the units. Make the scale
units_as simple_as possible. Instead of plotting as scale units
1X 10“‘moldm 3, 2X10moldm™, 3X 10 moldm™, etc., plot
1,2 and 3, etc, and label the axis as (Concentration/mol dm ™) X 10°
(sec Fig. 1.3).

The solidus (/) is used because it means ‘divided by’. The numbers, 1,
2 and 3, etc. (see Fig. 1.3) are the values of the physical quantity,
concentration, divided by the unit, moldm-?, and multplied by the
factor 10°.

d) When you come to draw a straight line through the points, draw
the best straight line you can, to pass through, or close to, as many.
points as possible (see Fig. 1.4). Owing to experimental error, not all
the points will fall on the line. A graph of experimental results gives
you a better accuracy than calculating a value from just one point. If
you are drawing a curve, draw a smooth curve (see Fig. 1.5). Do not
join up the points with straight lines. The curve may not pass through
every point, but it is more reliable than any one of the points.

v

Conduetance/ms.

0 q
(Concentration/moldm3)x 10°

Fig. 12 Don't cramp your graph! Fig. 13 Label the axes
gl ' [

[ s

2 ¥ %
Fig. 14 Drawing the best line Fig. 1.5 Drawing a smooth curve
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A FINAL POINT

Always look critically at your answer. Ask yourself whether it is a
reasonable answer. Is it of the right order of magnitude for the data?
Is i in the right units? Many errors can be detected by an assessment
of this kind.

EXERCISE 1 Practice with Calculations

1.

o

Convert the following numbers into standard form:
a) 23678 b) 437. ¢) 0.0169
d) 0.000345 €) 672891

. Convert each of the following numbers into standard form, enter

into your calculator, and multiply by 237. Give the answers in standard
form.
a) 246.8 b) 11230 <) 267831 d) 0.051 €) 0.567

Find the following quotients:

a) 2360/0.00071 b) 28780/0.106 ©) 85.42/460000
d) 58/900670 ) 0.00088/0.144

Find the following sums and differences:
a) (2.000X 10%) + (0.10 X 10%)

b) 48.0 + (5.600x 10%)

©) (123 X10%) + (6.00 X 10°)

d) (4.80X 1074 — (1.6 X 107%)

€) (6.300 X 10%) — (4.8 X 10%)

Make an approximate estimate of the answers to the following:
4.0X10°X5.6X1072X 7.1 X 10¢
82X107¢x 4.9 X 10°
b) 567 X 4183 X 0.001 27X 0.107
o) 496X7124 X 83000 4.7
7260 X 41 X 0.0075
1480 X 6730 X 0.173 X 0.0097
0.15 X 0.0088 X 100860X0.10
208 X 100490
560 X 0.0055 X 0.00049

d)
©

Find the logarithms of the following numbers:
a) 4735 b) 5.072X10° ) 0.001327
& 10,076 ©) 2314107



2 Formulae and Equations

Caleulations are based on formulae and on equations. In order to
tackle the calculations in this book you will have to be quite sure you
can work out the formulae of compounds correctly, and that you can
balance equations. This section is a revision of work on formulac and
cquations.

FORMULAE

Electrovalent compounds consist of oppositely charged ions.
compound formed is neutral because the charge on the positive ion
(or ions) is equal to the charge on the negative ion (or ions). In sodium
chloride, NaCl, one sodium ion, Na®, is balanced in charge by one
chloride ion, CI™.

This is bow the formulac of electrovalent compounds can be worked
out

Compound Zinc chloride

lons present ar Zn** and CI°

Now balance the charges One Zn** ion needs two CI” ions
Tons needed are Zn?* and 2C1°

The formula is ZnCl;

Compound Sodium sulpbate

Tons present are Na* and SO

Now balance the charges Two Na” balance one S0,
Tons needed are 2Na* and S0,

The formula is Na;$04

Compound Alupsinium sulphate

lons present are AP* and SO,

Now balance the charges Two AP balance three SO,*
lons needed are 2AP* and 350,

‘The formula is AL(S0);

Compound lmn(ll) ulpbau'

Ions present are Fe?

Now balance the charges One Fc’ balmces one SO,*~
lons needed are Fe** and S

‘The formula is FeS
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Compound Ionai) aulpbnte

Tons present are *

Now balance the charges Tvo Fer b halanc: three S0,
Tons needed are 2Fe* and 350,%

The formula is Fe(S04);

You need to know the charges of the ons in the table below. Then
you can work out the formula of any electrovalent compo\md

You will notice that the i

and iron(lil) sulphate to show hih of ke v von 1 using in
the compound. This is always done with the compounds of clements
of variable valency. For valency and oxidation number, see Chapter 8,

p.72
Name Symbol Charge  Name Symbol Charge
Hydrogen  H* +1 Hydroxide OH-  —1
Ammonium NH*  +1 Nitrate NO;” -1
Potassium  K* +1 Chloride ~ CI” -1
Sodium  Na* +1 Bromide  Br~ -1
Silver Ag* +1 Todide I -1
Copper() ~ Cu* +1 Hydrogen-
carbonate  HCO,”  —1
Barium Ba** +2 Oxide o -2
Calcium Ca** +2 Sulphide s -2
Copper(1l) ~ Cu?* +2 Sulphite S0/ -2
Iron(11) Fex* +2 Sulphate SO, —2
Lead b2 +2 Carbonate  CO*™  —2
Magnesium  Mg®* +2
Zinc Zn* +2
Aluminium ~ A* +3 Phosphate  PO,*" -3
Iron(ll)  Fe¥* +3
EQUATIONS

Having symbols for elements and formulae for compounds gives us a
way of representing chemical reactions.

exampLe 1 Instead of writing ‘Copper(II) carbonate forms copper(ll) oxide and
carbon dioxide’, we can write

CuCO; —— Cu0 + €O,

The atoms we finish with are the sume in number and kind as the
atoms we start with. We start with one atom of copper, one atom of
carbon and three atoms of oxygen, and we finish with the same. This
makes the two sides of the expression equal, and we call it an equation.
A simple way of conveying a lot more information is to include state
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symbols in the equation. These are (s) = solid, (1) = liquid, (g) = gas,
(ag) = in solution in water. The equation
CuCOL(s) —= CuO(s) + COg)
tells you that solid copper(Il) carbonate dissociates to form solid
copper(H1) oxide and the gas carbon dioxide.
exampLez The equation
Zn(s) + Hy804(aq) ——=  ZnSO,(aq) + Halg)
tells you that solid zine reacts with a solution of sulphuric acid to give
a solution of zinc sulphate and hydrogen gas. Hydrogen is written as
Hy, since each molecule of hydrogen gas contains two atoms.
exampLes Sodium carbonate reacts with dilute hydrochloric acid to give carbon
ioxide and a solution of sodium chloride. The equation could be
Na;COy(s) + HClag) ——=  CO4(g) + NaCl(ag) + H,0(1)
but, when you add up the atoms on the right, you find that they are
not equal to the atoms on the left. The equation is not ‘balanced’, so
the next step is to balance it. Multiplying NaCl by two gives
Na;COy(s) + HCl(aq) ——#= COs(g) + 2NaCl(aq) + H,0()
This makes the number of sodium atoms on the right-hand side equal
to the number on the left-hand side. But there are two chlorine atoms
on the right-hand side, therefore the HCl must be multiplied by two:
Na;COx(s) + 2HCl(aq) ——= COx(g) + 2NaCl(aq) + H,01)
The equation is now balanced.
When you are balancing 2 chemical equation, the only way you do it is
1o multiply the number of atoms or molecules. You never try to alter
a formula. In the above example, you got two chlorine atoms by

multiplying HCI by two, not by altering the formula to HCI,, which
does not exist.

The steps in writing an equation are:

Write a word equation.

Put in the symbols and formulae (symbols for elements, formulae
for compounds and state symbols).

Balance the equation.

exampLes When methane burns,
Methane + Oxygen ——= Carbon dioxide + Water
CH(g) + 0:) — CO,(g) + H;0(g)
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There is one carbon atom on the left-hand side and one carbon atom
on the righthand side. There are four hydrogen atoms on the left-
hand side, and therefore we need to put four hydrogen atoms on the
right-hand side. Putting 2H,0 on the right-hand side will accomplish
this:

CHy(g) + 0,(g) — COx(g) + 2H;0(g)
There is one molecule of O; on the left-hand side and four O atoms on
the right-hand side. We can make the two sides equal by putting 20,
on the left-hand side:

CHy(g) + 20,(g) — COx(g) + 2H,0(g)
This is a balanced cquation. The numbers of atoms of carbon, hydro-
gen and oxygen on the left-hand side are equal to the numbers of
atoms of carbon, hydrogen and oxygen on the right-hand side.

EXERCISE2  Practice with Equations
1. For practice, try writing the equations for the reactions:
a) Hydrogen + Copper oxide ——== Copper + Water
b) Carbon + Carbon dioxide ——# Carbon monoxide
©) Carbon + Oxygen ——=# Carbon dioxide
d) Magnesium + Sulphuric acid ——#= Hydrogen + Magnesium
sulphat

<) Copper + Chlorine ——=#= Copper(ll) chloride
2. Now try writing balanced equations for the reactions:

a) Calcium + Water ——= Hydrogen + Calcium hydroxide
solution

b) Copper + Oxygen ——== Copper(il) oxide

©) Sodium + Oxygen ——= Sodium oxide

d) Iron + Hydrochloric acid ——=  Iron(1I) chloride solution

€) Iron + Chlorine ——=Iron(Ii) chloride
3. Balance these equations:

a) NaO(s) + H,0() — NaOH(aq)

b) KCIOx(s) —#= KCI(s) + Os(g)

©) H;05(aq) — H,0(I) + Ox(g)

d) Fe(s) + Ox(g) —= Fes0u(s)

€) Mg(s) + Na(@) — MgiNa(s)

) NHy(g) + 0,(g) — Ni(g) + H,0(g)

8 Fe(s) + H,0g) —= Fe;04(s) + Ha(g)

h) HyS(g) + Oxg) ——= H,0(g) + SOs(g)

i) H;S(g) + SOx(g) ——= H,00) + S(s)
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RELATIVE ATOMIC MASS

Atoms are tiny: one atom of hydrogen has a mass of 1.66% 10-**g;
one atom of carbon has a mass of 1.99X 1073g. Numbers as small as
this are awkward to handle, and, instead of the actual masses, we use
relative atomic masses. Since hydrogen atoms are the smallest of all
atoms, one atom of hydrogen was originally taken as the mass with
which all other atoms would be compared. Then,
- . " Mass of onc atom of the clement
Original relative atomic mass = — - ot O__IC SEREE
Mass of one atom of hydrogen
Thus, on this scale, the relative atomic mass of hydrogen is 1, and,
since one atom of carbon is 12 times as heavy as one atom of hydro-
gen, the relative atomic mass of carbon is 12.

The modern method of finding relative atomic masses is to use a mass
spectrometer. The most accurate measurements are made with vola-
tile compounds of carbon, and it was therefore convenient to change
the standard of reference to carbon. There are three isotopes of
carbon (with the same number of protons and clectrons but different
numbers of neutrons, and therefore different masses). It was decided
to use the most plentiful carbon isotope, carbon-12. Thus,

. X Mass of one atom of an element
Relative atomic mass = ————————————————
(1/12) Mass of one atom of carbon-12

On this scale, carbon-12 has a relative atomic mass of 12.000 000,
carbon has a relative atomic mass of 12.011 11, and hydrogen has a
relative atomic mass 1.007 97. Since relative atomic masses are ratios
of two masses, they have no units. As this value for hydrogen is very
close to one, the value of H =1 is used in most calculations. A table
of approximate relative atomic masses is given on page 293. The
symbol for relative atomic mass is A,.

RELATIVE MOLECULAR MASS

You can find the mass of a molecule by adding up the masses of all
the atoms in it. You can find the relative molecular mass of a com-
pound by adding the relative atomic masses of all the atoms in a mole-
cule of the compound. For example, you can work out the relative
molecular mass of carbon dioxide as follows:

21
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The formula is CO,.

1 atom of C, relative atomic mass 12 = 12
2 atoms of O, relative atomic mass 16 = 32
Total = 44

Relative molecular mass of CO, = 44

‘The symbol for relative molecular mass s M,

A vast number of compounds consist of ions, not molecules. The com-
pound sodium _chloride, for example, consists of sodium ions and
chloride ions. You cannot correctly refer to a ‘molecule of sodium
chloride’. For ionic compounds, the term formula unit is used to
descibe the fons which make up the compound. A formula unit of

m chloride is NaCl. A formula unit of copper(ll) sulphate-5-
ater i CuSOy-SH,0. It s il corret o use the term relative molc-
cular mass for ionic compounds:

Mass of one formula unit
(1/12) Mass of one atom of carbon-12

Relative molecular mass

We work out the relative molecular mass of calcium chloride as
follows

‘The formula is CaCl,.
1 atom of Ca, relative atomic mass 40 = 40
2 atoms of Cl, relative atomic mass 35.5 = 71
Total = 111
Relative molecular mass of CaCl = 111
We work out the relative molecular mass of aluminium sulphate as
follows:
The formula is ALy(S04);.
2 atoms of Al relative atomic mass 27 = 54
3 atoms of $, relative atomic mass 32 = 96
12 atoms of O, relative atomic mass 16 = 192
Total = 342

Relative molecular mass of AL(SO,); = 342
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EXERCISE 3 Problems on Relative Molecular Mass

Work out the relative molecular masses of these compounds:

50, NaOH KNO,
MgCO, PbCl MgCl
Mg(NO,); Zn(OH), ZnS0,
H,50, HNO, MgS0,4-7H;0
CaS0, Pb;04 P;05

Na;CO, Ca(OH), CuCo,
Cuso, Ca(HCO,), CuSO,-5H,0
Fey(S04); Na,CO;'10H,0  FeSO,-7H,0

PERCENTAGE COMPOSITION

EXAMPLE 1

METHOD

ANSWER

From the formula of a compound, we can work out the percentage
by mass of each element present in the compound.

Calculate the percentage of silicon and oxygen in silicon(IV) oxide
(silica).

First, work out the relative molecular mass. The formula is Si0.
1 atom of silicon, relative atomic mass 28 = 28
2 atoms of oxygen, relative atomic mass 16 = 32
Total = Relative molecular mass = 60

28
Percentage of silicon = 7x100

7%20
]

32 8
P f = =-x100 = — X100
ercentage of oxygen = o Is

8%20
=5 =53%

Silicon(IV) oxide contains 47% silicon and 53% oxygen by mass.

Since every formula unit of silicon(IV) oxide is 47% silicon, and all
formula units are identical, bulk samples of pure silicon(IV) oxide all
contain 47% silicon. This is true whether you are talking about
silicon(IV) oxide found as quartz, or amethyst or crystoballite or sand.
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In general,
Percentage of clement A =
Relative atomic mass of 4 X No. of atoms of A in formula
Relative molecular mass of compound

X 100

exampLez Find the percentage by mass of magnesium, oxygen and sulphur in
‘magnesium sulphate.

meTop  First calculate the relative molecular mass. The formula is MgSO,.
1 atom of magnesium, relative atomic mass 24 =
1 atom of sulphur, relative atomic mass 32 = 32
4 atoms of oxygen, relative atomic mass 16 = 64
Total = Relative molecular mass, M, = 120

b " . AMPX No. of Mgatoms
ercentage of magnesium — “-(M® No- of Mg atoms
tage of magn M,(MgS0,)

2
=20
120

20%

. oy — X No.of Satoms
ercentage of sulphur = 2101 0-01 S AOMS
roentag P M,(MgS0,)

32 100

120

27%

I

A4,(0) % No. of O atoms
=X 100
Percentage of oxygen HAMg50)
16%4
120

= 53%

X100

answer  Magnesium 20%; sulphur 27%; oxygen 53%. You can check on the
calculion by adding up the percentages to see wherher they add up
t0 100. In this case 20 + 27 + 53 =

exampLes Caleulate the percentage of water in copper sulphate crystals.
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metHoo  Find the relative molecular mass. The formula is CuSO,* SH,0.

1 atom of copper, relative atomic mass 64 = 64 (approx.)
1 atom of sulphur, relative atomic mass 32 = 32
4 atoms of oxygen, relative atomic mass 16 = 64
5 molecules of water, 5X [(2X 1)+ 16]
Total = Relative molecular mass
Mass of water = 90
Mass of water in formula

Percentage of water = — oI LOME g0
5 Relative molecular mass

90
~—X 100
250

= 36%

answer  The percentage of water in copper sulphate crystals is 36%.

EXERCISE 4

Problems on Percentage Composition

SECTION 1
Calculators are not needed for these problems.

1. Calculate the percentages by mass of

a)
b)
o
dy

carbon and hydrogen in cthane, C;Hg
sodium, oxygen and hydrogen in sodium hydroxide, NaOH
sulphur and oxygen in sulphur trioxide, SO

carbon and hydrogen in propyne, CsHs.

2. Calculate the percentages by mass of

a)
b)
©
d)

carbon and hydrogen in heptane, C;H,
magnesium and nitrogen in magnesium nitride, MgaN;
sodium and iodine in sodium iodide, Nal

calcium and bromine in calcium bromide, CaBr,.

secrionz
1. Calculate the percentage by mass of

a)
b)
o
d)

carbon and hydrogen in pentene, CiHiyo
nitrogen, hydrogen and oxygen in ammonium nitrate

iron, oxygen and hydrogen in iron(11) hydroxide

carbon, hydrogen and oxygen in ethanedioic acid, C;04H;.

2
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2. Calculate the percentages of

w

»

1) carbon, hydrogen and oxygen in propanol, C;H,0H

b) carbon, hydrogen and oxygen in ethanoic acid, CHyCO,H

¢) carbon, hydrogen and oxygen in methyl methanoate, HCO,CH,

d) aluminium and sulphur in aluminium sulphide, ALS;.
Haemoglobin contains 0.33% by mass of iron. There are 2 Fe atoms in
1 molecule of haemoglobin. What is the relative molecular mass of
haemoglobin?

An adult’s bones weigh about 11kg, and 50% of this mass is calcium
phosphate, Cag(PO,),. What is the mass of phosphorus in the bones of
an average adult?
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THE MOLE

Looking at equations tells us a great deal about chemical reactions.
For example,

Fe(s) + S(s) — FeS(s)
tells us that iron and sulphur combine to form iron(11) sulphide, and
that one atom of iron combines with one atom of sulphur. Chemists
are interested in the exact quantities of substances which react together
in chemical reactions. For example, in the reaction between iron and
sulphur, if you want to measure out just enough iron to combine with,
say, 10g of sulphur, how do you go about it? What you need to do is
10 count out equal numbers of atoms of iron and sulphur. This sounds
a formidable task, and it puzzled a chemist called Avogadro, working
in Ily carly in the ninctecnth century. He managed to solve this
problem with a picce of clear thinking which makes the problem look
very simple once you have followed his argument.

Avogadro reasoned in this way:

We know from their relative atomic masses that an atom of carbon is
12 times as heavy s an atom of hydrogen. Therefore, we can say

If latomofcarbonis 12 timesas heavy as 1 atom of hydrogen,
then 1 dozen Catomsare 12 times as heavy as 1 dozen H atoms,
and 1 hundred C atoms are 12 times as heavy as 1 hundred H atoms,
and 1 million C atoms are 12 times as heavy as 1 million H atoms,

and it follows that when we see a mass of carbon which is 12 times as
heavy as a mass of hydrogen, the two masses must contain equal
numbers of atoms. If we have 12 of carbon and 1g of hydrogen, we
know that we have the same number of atoms of carbon and hydrogen.
The same argument applies to any element. When we take the relative

atomic mass of an clement in grams:
12g
Carbon

all these masses contain the same number of atoms. This number is
6.022 10%. The amount of an element which contains this number
of atoms is called one mole of the element. (The symbol for mole is
mol.) The ratio 6.022 X 10**/mol is called the Avogadro constant.

40g 3 ig
Calcium Sulphur Hydrogen

24g
Magnesium

27
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The mole is defined as the amount of a substance which contains
as many elementary entities as there are atoms in 12 grams of
carbon-12.

We can count out 6X 10% atoms of any element by weighing out its
relative atomic mass in grams. If we want to react iron and sulphur so
that there is an atom of sulphur for every atom of iron, we can count
out 6 10% atoms of sulphur by weighing out 32 of sulphur and we
can count out 6X 10 atoms of iron by weighing out 56g of iron.
Since one atom of iron reacts with one atom of sulphur to form one
formula unit of iron(il) sulphide, one mole of iron reacts with one
‘mole of sulphur to form one mole of iron(11) sulphide:

Fe(s) + S(s) —= FeS(s)

and 56 of iron react with 32 of sulphur to form 88¢ of iron(Il)
sulphide.

Just as one mole of an element is the relative atomic mass in grams,
one mole of a compound is the relative molecular mass in grams. If
you want to weigh out one mole of sodium hydroxide, you first work
out its relative molecular mass.

The formula is NaOH.

Relative molecular mass = 23 + 16+ 1
= 40

If you weigh out 40g of sodium hydroxide, you have one mole of
sodium hydroxide. The quantity 40gmol™ is the molar mass of
sodium hydroxide. ‘The molar mass of a compound is the relative
molecular mass in grams per mole, The molar mass of an clement is
the relative atomic mass in grams per mole. The molar mass of sodium
hydroxide is 40g mol !, and the molar mass of sodium is 23 gmol ..

Remember that most gaseous elements consist of molecules, not
atoms. Chlorine exists as Cl; molecules, oxygen as O, molecules,
hydrogen as H, molecules, and so on. To work out the mass of a mole
of chlorine molecules, you must use the relative molecular mass of
Cl,.

Relative atomic mass of chlorine = 35.5
Relative molecular mass of Cl; = 2x 35.5 =
Mass of 1 mole of chlorine, Cl, = 71 grams.
The noble gases, helium, neon, argon, krypton and xenon, exist as

atoms. Since the relative atomic mass of helium is 4, the mass of 1
mole of helium is 4g.
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EXAMPLE

EXERCISE

~

&

Ll

What is the molar mass of glucose?
Formula = C(H,:0,
Relative molar mass = (6X 12) + (12X 1) + (6 X 16) = 180

‘The relative molar mass is 180, and the molar mass is 180 gmol ™'

5 Problems on the Mole
sEcTION 1
. State the mass of each element in:
a) 0.5 mol chromium b) 1/7 mol iron
©) 1/3 mol carbon d) 174 mol magnesium
) 1/7 mol nitrogen molecules ) 1/4 mol oxygen molecules.

Remember that nitrogen and oxygen exist as diatomic molecules, N;
and 0.

Caleulate the amount of each element in:

a) 46g sodium b) 130 zinc ) 10g calcium

d) 2.4g magnesium  ¢) 13 g chromium.

Find the mass of each element in:

) 10mol lead b) 1/6 mol copper
©) 0.1mol iodine molecules d) 10 mol hydrogen molecules
€) 0.25 mol calcium f) 0.25 mol bromine molecules
g 3moliron h) 0.20 mol zinc
i) }mol chlorine molecules i) 0.1mol neon.

State the amount of substance (mol) in:
a) 58.5g sodium chloride

b) 26.5 g anhydrous sodium carbonate
©) 50.0g calcium carbonate

d) 15.9g copper(Il) oxide

€) 8.00g sodium hydroxide

f) 303 g potassium nitrate

2 9.8g sulphuric acid

h) 499 g copper(l) sulphate-S-water.
Given Avogadro’s constant is 6 X 10 mol”", calculate the number of
atoms in:

a) 35.5 g chlorinc b) 27 g aluminium
©) 3.1g phosphorus d) 336giron
€) 48g magnesium H 1.6goxygen

2 0.4goxygen h) 216gsilver.
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How many grams of zinc contain:

a) 6x 10*atoms b) 6x 10*atoms?
. How many grams of aluminium contain:
a) 2x 10*atoms b) 6x10*atoms?
. What mass of carbon contains:
a) 6x 10*atoms b) 2 10* atoms?
Write down:
) the mass of calcium which has the same number of atoms as 12g

~

. A car releases about 5g of nitrogen oxide, NO,

of magnesium
b) the mass of silver which has the same number of atoms as 3g of
aluminium
©) the mass of zinc with the same number of atoms as 1 g of helium
d) the mass of sodium which has 5 times the number of atoms in 39 g
of potassium.

secrionz
Use Avogadro constant = 6 X 10**mol .

Imagine a hardware store is having a sale. The knock-down price of
titanium is one billion (10°) atoms for 1p. How much would you have
to pay for 1 milligram (1X 10g) of titanium?

Ethanol, C,H,0, is the alcohol in alcoholic drinks. If you have 9.2 g of
ethanol, how many moles do you have of

a) ethanol molccules b) carbon atoms

©) hydrogen atoms d) oxygen atoms?

ito the air for each
mile driven. How many molecules of NO are emitted per mile?

How many moles of H,0 are there in 1.00 litre of water?
How many moles of Fe,0; are there in 1.00 kg of rust?
What is the mass of one molecule of water?

What is the amount (mol) of sucrose, Cya
bag of sugar?

11, in a one kilogram




Equations and the Mole

You will find that the mole concept, which you studied in Chapter 4,
helps with all your chemical calculations. In chemistry, calculations
are related to the equations for chemical reactions. The quantities of
substances that react together are expressed in moles.

CALCULATIONS BASED ON CHEMICAL EQUATIONS

EXAMPLE 1

METHOO

ANSWER

EXAMPLE 2

Equations tell us not only what substances react together but also
what amounts of substances react together. The equation for the
action of heat on sodium hydrogencarbonate

2NaHCO4(s) —» Na,CO4(s) + CO(g) + H0(g)

tells us that 2moles of NaHCO, give 1mole of Na,CO;. Since thc
molar masses are NaHCO; = 84 gmol~' and Na,CO; = 106 gmol™?,
it follows that 168 g of NaHCO, give 106 g of Na,CO,.

The amounts of substances undergoing reaction, as given by the
balanced chemical equation, are called the stoichiometric amounts.
Stoichiometry is the relationship between the amounts of reactants
and products in a_chemical reaction. If one reactant is present in
excess of the stoichiometric amount required for reaction with
another of the reactants, then the excess of one reactant will be left
unused at the end of the reaction.

How many moles of iodine can be obtained from { mole of potassium
iodate(V)?

‘The equation
Potassium + Potassium + Hydrogen Iodine + Potassium
iodate(V) iodide ion —_— i

+ Water
KIOs(aq) +5KI(aq) + 6H*(aq) ——= 31,(aq)+ 6K*(aq)+ 3H,0(1)

tells us that 1 mol of KIO; gives 3 mol of I,. Therefore:

4 mol of KIO, gives £ X 3 mol of I, =  mol of I,.

What is the maximum mass of ethyl ethanoate that can be obtained
from 0.1 mol of ethanol?
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meTHoD  Write the equation:
Ethanol + Ethanoic acid ——= Ethyl ethanoate + Water
CoHOH(D) + CH,COH()  —#=  CH,CO,C:H(l) + H0(1)
1mol of C;HOH gives 1 mol CH,CO,CHy

0.1 mol of C;H;OH gives 0.1 mol CH,CO,C;Hy
The molar mass of CH,CO,C,Hs is 88 g mol . Therefore:

answer 0.1 mol of ethanol gives 8.8g of ethyl cthanoate.

exawpes A mixture of 5.00g of sodium carbonate and sodium hydrogen-
arbonate is heated. The loss in mass is 0.31g. Calculate the percen-

tage by mass of sodium carbonate in the mixture.

METHOD  On heating the mixture, the reaction

2NaHCO,(s) ——#= Na;COys) + COx@) + H,0(g)

takes place. The loss in mass is due to the decomposition of NaHCO,.
Since 2mol NaHCO, form 1mol CO; + 1 mol H;0
2 X 84 NaHCO, form 44 g CO, and 18g H,0
168 g NaHCO; lose 62 g in mass.
The observed loss in mass of 0.31g is due to the decomposition of

% X 168g NaHCO, = 0.84¢g

The mixture contains 0.84 g NaHCO,
‘The difference, 5.00 —0.84 = 4.16 g Na,CO;.

AnsweR  Percentage of Na,CO, = :‘—;gxmo = 83.2%

EXERCISE 6  Problems on Reacting Masses of Solids

SECTION 1

1. A sulphuric acid plant uses 2500 tonnes of sulphur dioxide cach day.
What mass of sulphur must be burned to produce this quantity of
sulphur dioxide?

2. An antacid tablet contans 0.1¢ of magnesium hydrogencarbonate,
Mg(HCO,),. What mass of stomach acid, HCI, will it neutralise?

3. Aspirin, CoH3Os, is made by the reaction:
Salicylicacid + Ethanoic anhydride ——» Aspirin + Ethanoic acid
C;Hg03+ C4H0; —_— CoHs04 + CH,0,

w many grams of salicylic acid, C;HO,, are needed to make one
aspirin tablet, which contains 0.33 g of aspirin?
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Aluminium sulphate is used to treat sewage. It can be made by the
reaction:

Aluminum + Sulghorie Aluinium + Water
hydroxide aci " sulphat

2) Balance this unbalanced cquation for the reaction:
AI(OH)(s) + H;504(aq) ——#= AL(SO4)(aq) + H,0(1)
b) Say what masses of (i) aluminium hydroxide and (ii) sulphuric
acid are needed to make 1.00 kg of aluminium sulphate
Washing soda, Na;CO5+10H,0, loses some of its water of crystallisa-
tion if it is not kept in an air-tight container to form Na,CO,* H,0.

A grocer buys a 10kg bag of washing soda at 30p/kg. While it is
standing in his store room, the bag punctures, and the crystals turn
into a powder, Na,COy*H;0. The grocer sells this powder at 50p/kg.
Does he make 2 profit or a loss?

. When you take a warm bath, the power station has to burn about

1.2 kg of coal to provide enough electricity to heat the water.

a) If the coal contains 3% sulphur, what mass of sulphur dioxide does
the power station emit as a result?

b) Multiply your answer by the number of warm baths you take in a
year.

<) This is only a part of your contribution to air pollution. What can
be done to reduce this source of pollution — apart from taking cold
baths?

Nitrogen monoxide, NO, is a pollutant gas which comes out of vehicle
exhausts. One technique for reducing the quantity of nitrogen monoxide
in vehicle exhausts is to inject a stream of ammonia, NHj, into the
exhaust. Nitrogen monoxide is converted into the harmless products
nitrogen and water:
4NH,(g) + 6NO(g) ——= 5N,(g) + 6H,0(1)

An average vehicle emits 5g of nitrogen monoxide per mile, Assum-
ing a milcage of 10000 miles a year, what mass of ammonia would
be needed to clean up the exhaust?

. Some industrial plants, for example aluminium smelters, emit

fluorides. In the past, there have been cases of fluoride pollution
affecting the teeth and joints of cattle. The Union Carbide Corpora-
tion has invented a process for removing fluorides from waste gases.
It involves the reaction:

temperawure
Fluoride ion (F~) + Charcoal (C) ——=  Carbon tetrafluoride (CF)

The product, CF,, is harmless. The firm claims that 1 kg of charcoal
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will remove 6.3 kg of fluoride ion. Do you believe this claim? Explain
your answer.

A factory makes a detergent of formula C,;H;sSO4Na from lauryl
alcohol, Cy2Hz0. To manufacture 11 tonnes of detergent daily, what
mass of lauryl alcohol is needed?

A mass of 0.65 of zinc powder was added to a beaker containing
silver nitrate solution. When all the zinc had reacted, 216 of silver
were obtained.

Caleulate

a) the amount of zinc used

b) the amount of silver formed

©) the amount of silver produced by 1 mol of zinc.

d) Write a balanced fonic equation for the reaction.

secTionz

. The element X has a relative atomic mass of 35.5. It reacts with a

solution of the sodium salt of Y according to the equation
X; + 2NaY —— Y, + 2NaX

If 14.2g of X, displace 50.8g of Y,, what is the relative atomic
mass of Y?

. INT is an explosive. The name stands for trinitrotoluene. The com-

pound is made by the reaction
Toluene + Nitricacid ~ ——=  TNT + Water
C,Hg(l) + 3HNOs(1) ——® C,H.N;04(s) + 3H,0(l)

Calculate the masses of a) toluene and b) nitric acid that must be
used to make 10.00 tonnes of TNT. (1 tonne = 1000 kg.)

A large power plant produces about 500 tonnes of sulphur dioxide in
a day. One way of removing this pollutant from the waste gases is to
inject limestone. This converts sulphur dioxide into calcium sulphate.

> .
Limestone + SAPMT + Oxygen . 311;:1 * Gl
2CaCO(s) + Zﬁoz(g) +04(®) 2CaS04(s) + 2COx(g)

Another method of removing sulphur dioxide is to ‘scrub’ the waste

gases with ammonia. The product is ammonium sulphate.

(ii) .

Sulphu Ammonium

Ammonia + g PO+ Oxygen + Water sulphite
4NHy(g) + 250,(g) + Ox(®) -+ 2H,0() 2(NH,);S04(aq)

a) Caleulate the mass of calcium sulphate produced in a day by
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ExampLe 1 Iron burns in chlorine to form iron chloride. An experiment showed

METHOD

ANSWER

that 5.60g of iron combined with 10.65 of chlorine. Deduce the
cquation for the reaction.
5.60g of iron combine with 10.65 g of chlorine

Relative atomic masses are: Fe = 56, Cl = 35.5
Amount (mol) of iron = 5.60/56 = 0.10
Amount (mol) of chlorine molecules = 10.65/71.0 = 0.15

‘The equation must be: Fe +1.5Cl, —
or 2Fe + 3Cl, ——

To balance the equation, the right-hand side must read 2FeCl,.
Therefore,

2Fe(s) + 3Cly(g) ——= 2FeCly(s)

exawpLe2 17.0¢ of sodium nitrate react with 19.6g of sulphuric acid to give

METHOD

ANSWER

12.6 g of nitric acid. Deduce the equation for the reaction.

Relative molecular massesare: NaNO, = 85, H,S0, = 98, HNO, = 63

Number of moles of NaNO, = 17.0/85 = 0.2
Number of moles of H;80, = 19.6/98 = 0.2
Number of moles of HNO; = 12.6/63 = 0.2

0.2 mol NaNO, reacts with 0.2 mol H,SO, to form 0.2 mol of HNO

1 mol NaNOj reacts with 1 mol H,SO4 to form 1 mol of HNO,
NaNOs(s) + HS04() ——= HNO(l)

The equaron must be balanced by inserting NaHSO, on the rght-

han

NaNOj(s) + H;SO4(1) —=  HNOs(I) + NaHSO4(s)

EXERCISE7  Problems on Deriving Equations

1. To a solution containing 2.975 g of sodium persulphate, Na;S.Og, is
added an excess of potassium iodide solution. A reaction occurs, in
which sulphate ions are formed and 3.175g of iodine are formed.
Deduce the equation for the reaction.

2. Aminosulphuric acid, H,NSO,H, reacts with warm sodium hydroxide
soluon to gie ammonla and  soluon which contios euphate ions.
0540g_of the acid, when treated with an excess of alkali,

153 cm® of ammona at 60°C and 1 atm. Deduce the cquation for the
reaction.
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3. A solution containing 5.00X 10~ mol of sodium thiosulphate was
shaken with 1g of slver chloride. 0.717 5 g of silver chloride dissolved,
and analysis showed that 5.00X 10~>mol of chloride ions were
present in the resulting solution. Derive an equation for the reaction.

4. An unsaturated hydrocarbon of molar mass 80gmol™! reacts with
bromine. If 0.250g of hydrocarbon reacts with 1.00g of bromine,
what is the equation for the reaction?

5. Given that 1.00g of phenylamine, C.HgNH,, reacts with 5.16g of
bromine, derive an equation for the reaction.

PERCENTAGE YIELD

There are many reactions which do not go to completion. Reactions
between organic compounds do not often give a 100% yield of
product. The actual yield is compared with the yield calculated from
the molar masses of the reactants. The equation

Actual mass of product X100

Percentage yield = & 1 cilated mass of product

is used to give the percentage yield.

exawpie  From 23g of cthanol arc obtined 36g of cthyl cthanoate by esteri-

METHOD

fiction with ethanoic acd in the presnce of concentraed sulphuric
acid. What s the percentage yield of the reaction?

‘Write the equation:

CHiCOH() + CHOH(l) — = CHyCOCaHs(l) + Hy0()
465 of C;H,OH forms 8 g of CHyCO:C:Hy

23 of C:HsOH should give . E 88 = 44 of CH;CO,C:Hs

Actual mass obtained = 35;
Actual mass of product

Calculated mass of product *'°*

Percentage yield =

Percentage yicld = i_:’ 100 = 82%

EXERCISE 8 Problems on Percentage Yield

1. Phenol, CH:OH, is converted into trichlorophenol, C;HCLOH. If
488g of product are obtained from 250g of phenol, calculate the
percentage yield.
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29.5g of ethanoic acid, CHyCO,H, are obtained from the oxidation
of 25.0g of ethanol, C;H;OH. What percentage yield does this
represent?

. 0.8500¢ of hexanone, CoH,;0, is converted into its 2,4-dinitrophenyl-

hydrazone. After isolation and purification, 2.1180g of product,
C12H,(N4Os, are obtained. What percentage yield does this represent?

. Benzaldehyde, C.H,0, forms a hydrogensulphite compound of

formula C-H-SO,Na. From 1.210g of benzaldehyde, a yield of 2.181 g
of the product was obtained. Calculate the percentage yield.

100 em? of barium chloride solution of concentration 0.0500 mol dm~?
were treated with an excess of sulphate ions in solution. The preci
tate of barium sulphate formed was dried and weighed. A mass of
1.1558 g was recorded. What percentage yield does this represent?

LIMITING REACTANT

EXAMPLE

METHOD

ANSWER

In a chemical reaction, the reactants are often added in amounts
which are not stoichiometric. One or more of the reactants is in cxcess
and is not completely used up in the reaction. The amount of product
is determined by the amount of the reactant that is not in excess and
is used up completely in the reaction. This is called the limiting
reactant. You first have to decide which is the limiting reactant before
you can caleulate the amount of product formed.

5:00g of iton and 5.00¢ of sulphur are heated together to form
iron(11) sulphide. Which reactant is present in excess? What mass of
product is P

Write the equation:
Fe(s) + S(s) —= FeS(s)

1 mole of Fe + 1 mole of § form 1 mole of FeS

56 Feand 32 S form 88¢ FeS

5.00g Feis 5/56mol = 0.0893 mol Fe

5.00gSis 5/32mol = 0.156mol S
There is insufficient Fe to react with 0.156 mol S ron is the limiting
reactant.
0.0893 mol Fe forms 0.0893 mol FeS = 0.0893x88g = 7.86g

Mass formed = 7.86¢.
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EXERCISE 9 Problems on Limiting Reactant

~

IS

In the blast furnace, the overall reaction is

2Fe04(5) + 3C(s) —= 3COyg) + 4Fels)
What is the maximum mass of iron that can be obtained from 700
tonnes of iron(111) oxide and 70 tonnes of coke? (1 tonne = 1000 kg.)
In the manufacture of calcium carbide

CaO(s) + 3C(s) — CaCy(s) + CO(g)

What is the maximum mass of calcium carbide that can be obtained
from 40kg of quicklime and 40 kg of coke?
In the manufacture of the fertiliser ammonium sulphate

H;S04(aq) + 2NHy(g) — (NH,),S04(aq)
What is the maximum mass of ammonium sulphate that can be
obtained from 2.0 kg of sulphuric acid and 1.0 kg of ammonia?

. In the Solvay process, ammonia is recovered by the reaction

2NH,CI(s) + CaO(s) — CaCly(s) + H,0(g) + 2NH(g)
What is the maximum mass of ammonia that can be recovered from
2.00 X 10°kg of ammonium chloride and 500 kg of quicklime?

. In the Thermit reaction

2A1s) + Cri0fs) — 2Cr(s) + ALOs)
Calculate the percentage yield when 180g of chromium are obtained
ion between 100g of aluminium and 400g of
chromium(Il) oxide.
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Finding Formulae

EMPIRICAL FORMULAE

EXAMPLE 1

EXAMPLE

METHOD

The formula of a compound is determined by finding the mass of each
clement present in a certain mass of the compound.

Remember,
Amount (in __ Mass of substance

moles) of substance — Molar mass of the substance

Given that 127g of copper combine with 32g of oxygen, what is the
formula of copper oxide?

Elements Copper Oxygen
Symbols Cu
Masses 27g 32¢
Relative atomic masses ~ 63.5 16
Amounts 32
16

= 2mol
Divide through by 2 1 mol
Ratio of atoms 1atom

Form

We divide through by two to obtain the simplest formula for copper
oxide which will fit the data. The simplest formula which represents
the composition of a compound s called the'empirical formula

When 127 of copper combine with oxygen, 143 g of an oxide arc
formed. What is the empirical formula of the oxide?

You will notice here that the mass of oxygen is not given to you.
You obtain it by subtraction.

Mass of copper
Mass of oxide

127¢
143g
Mass of oxygen = 143 —128 = 16g

a1
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ANSWER

EXAMPLE 3

METHOD

ANSWER

Now you can carry on as before:

Elements Copper Oxygen
Symbols Cu o

127g 16g
Relative atomic masses ~ 63.5 16

127 16
Amounts 635 16

2 =1

Ratio of atoms 2 to 1

Empirical formula Cu,0.

Find 7 in the formula MgSO,*nH,0. A sample of 7.38 g of magnesium
sulphate crystals lost 3.78g of water on heating.

Compounds present  Magnesium sulphate  Water
M: 3.60, 3.

ass g 78g
Molar mass 120g mol ! 18gmol™
Amount 3.60/120 3.78/18
= 0.030 mol = 0.21mol
Ratio of amounts 0.030 021

0.030 0.030
1 7

The empirical formula is MgS0,+7H;0.

MOLECULAR FORMULAE

EXAMPLE

METHOD

ANSWER

The molecular formula is a simple multiple of the empirical formula.
If the empirical formula is CH.O, the molecular formula may be
CH,0 or C;H,0; or C3H,0; and so on. You can tell which molecular
formula is correct by finding out which gives the correct molar mass.

For methods of finding molar masses, see Chapters 9, 10 and 11. The

molar mass is a multiple of the empirical formula mass.

A comp\)und has the empirical formula CH,0 and molar mass
0 g mol . What is its molecular formula?

Empirical formula mass = 30g mol !
folar mass = 180 g mol ™

molar mass is 6 times the empirical formula mass. Therefore the
mal:cu.l:r formula is 6 times the empirical formula. Therefore:

The empirical formula is CgH,206.
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EXERCISE 10 Problems on Formulae

w

o

SECTION 1

. 0.72 g of magnesium combine with 0.28 g of nitrogen.

How many moles of magnesium does this represent?
How many moles of nitrogen atoms combine?

How many moles of magnesium combine with one mole of nitrogen
atoms?

What is the formula of magnesium nitride?

1.68g of iron combine with 0.64 g of oxygen.
How many moles of iron does this mass represent?

How many moles of oxygen atoms combine?

How many moles of iron combine with one mole of oxygen atoms?
What is the formula of this oxide of iron?

Calculate the empirical formula of the compound formed when 2.70g
of aluminium form 5.10g of its oxide.

What is the mass of aluminium?

What s the mass of oxygen (not oxide)?
How many moles of aluminium combine?
How many moles of oxygen atoms combin
What is the ratio of moles of aluminium to moles of oxygen atoms?
‘What is the formula of aluminium oxide?

Barium chloride forms a hydrate which contains 85.25% barium
chloride and 14.75% water of crystallisation. What is the formula of
this hydrate?

What is the mass of barium chloride in 100 of the hydrate?

What is the mass of water in 100g of the hydrate?

What is the relative molecular mass of barium chloride?

What is the relative molecular mass of water?

How many moles of barium chloride are present in 100g of the
hydrate?

How many moles of water are present in 100g of the hydrate?

What is the ratio of moles of barium chloride to moles of water?

What is the formula of barium chloride hydrate?

Calculate the empirical formula of the compound formed when 414 ¢
of lead form 478 g of a lead oxide.

What mass of lead is present?

How many moles of lead are present?

What mass of oxygen (ot oxide) is present?

How many moles of oxygen atoms are present?

What is the formula of this oxide of lead?

Calculate the empirical formulac of the following compounds:

a) 0.62g of phosphorus combined with 0.48 g of oxygen

b) 1.4g of nitrogen combined with 0.30g of hydrogen

©) 0.62¢ of lead combined with 0.064 g of oxygen
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d) 3.5 g of silicon combined with 4.0g of oxygen
¢) 1.10g of manganese combined with 0.64g of oxygen
£) 4.2g of nitrogen combined with 12.0 of oxygen

© 2.6g of chromium combined with 5.3 g of chlorine

Find the molecular formula for each of the following compounds
from the empirical formula and the relative molecular mass:
Empirical formula M, Empirical formula M,
A CF, 100 E cH, a2
B CH,0 88 F CH,0 62
< CH, 30 G CHyCl 99
D CH 78 H C:HNO, 213

A metal M forms a_ chloride of formula MCI; and relative molecular
mass 127. The chloride reacts with sodium hydroxide solution to form
a precipitate of the metal hydroxide. What is the relative molecular
mass of the hydroxide?
as6 b71 <73 d90 e 146
A porcelain boat was weighed. After a sample of the oxide of a metal
M, of A, =119, was placed in the boat, the boat was reweighed.
Then the boat was placed in a reduction tube, and heated while a
stream of hydrogen was passed over it. The oxide was reduced to the
metal M. The boat was allowed to cool with hydrogen still passing
over it, and then reweighed. Then it was reheated in hydrogen, cooled
again and reweighed. The following results were obtained.
Mass of boat = 6.10g
Mass of boat + metal oxide = 10.63g

Mass of boat + metal (1) = 9.67¢

Mass of boat + metal (2) = 9.67g
a) Explain why hydrogen was passed over the boat while it was

cooling.

b) Explain why the boat + metal was reheated.

¢) Find the empirical formula of the metal oxide.
d) Write an equation for the reaction of the oxide with hydrogen.

SECTION 2

. Find the empirical formulae of the compounds formed in the reactions

described below:
2) 10.800 g magnesium form 18.000 of an oxide
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b) 3400 calcium form 9.435 g of a chloride

c) 3.528giron form 10.237g of a chloride

d) 2.667g coj opper form 4.011 g of a sulphide

€) 4.662¢ lithium form 5328 of a hydride.

Calculate the empirical formulae of the compounds with the following
percentage composition:

a) 77.7% Fe 223%0 b) 70.0% Fe 30.0% O

c) 724%Fe 27.6%0 d) 402%K 269%Cr 32.9%0
€ 266%K 354%Cr 380%0 f) 923%C 7.6%H

g 818%C 182%H

Samples of the following hydrates are weighed, heated to drive off the
water of crystallisation, cooled and reweighed. From the results
obrained, calculate the values of - in the formulac of the hydrates:
2) 0.869g of CuSO,-aH,0 gave a residue of 0.556g

b) 1.173 g of CoCly6H,0 gave a residue of 0.641g

¢) 1.886 g of CaSO,*cH,0 gave a residue of 1.492g

d) 0.904 g of Pb(C,H,0,);°dH,O gave a residue of 0.774g

€) 1.144g of NiSO, -cH,0 gave a residue of 0.673 g

f) 1.175 g of KAI(SO,)," fH,0 gave a residue of 0.639g.

An organic compound, X, which contains only carbon, hydrogen
and oxygen, has a molar mass of about 85 gmol™'. When 0.43g of X
is burnt in excess oxygen, 1.10g of carbon dioxide and 0.45 g of water
are formed.

2) What is the empirical formula of X?

b) What is the molecular formula of X?

. A liquid, ¥, of molar mass 44 gmol™! conains 54.5% carbon, 36.4%

oxygen and 9.1% hydrogen.
) Calculate the empirical formula of ¥, and
b) deduce its molecular formula.

. An organic compound contains 58.8% c:xbwn 9.8% hydrogen and

31.4% oxygen. The molar mass is 102 gm
a) Calculate the empirical formula, an

b) deduce the molecular formula of the compound.

An organic compound has molar mass 150g mol ™! and contains 72.0%
carbon, 6.67% bydrogen and 21.33% oxygen. What is its molecular



7 Reacting Volumes of
Gases

GAS MOLAR VOLUME

A surprising feature of reactions between gases was noticed by a
French chemist called Gay-Lussac in 1808. Gay-Lussac’s law states
that when gases combine they do so in volumes which bear a simple
ratio to one anotber and to the volume of the product if it is gaseous,
provided all the volumes are measured at the same temperature and
pressure. For example, when hydrogen and chlorine combine, 1dm®
(or litre) of hydrogen will combine exactly with 1dm? of chlorine to
form 2 dm® of hydrogen chloride. When nitrogen and hydrogen com-
bine, a certain volume of nitrogen will combine with three times that
volume to form twice its volume of ammonia.

‘The Italian chemist Avogadro gave an explanation in 1811. His sugges-
tion, known as Avogadro’s bypotbesis, is that: Equal volues of all
gases (at the same temperature and pressure) contain the same number
of moleculs. It follows from Avogadeo’s hyporhesi that, whenever

N representing a reaction between gases, we can
substirute vohimes of geacs in the same rati 25 rumbers of melecrles.
Thus

Nyg) + 3Hyg) ——» 2NHy(g)
means that since

a molecule of nitrogen + 3 molecules of hydrogen form 2 molecules
of ammonia

then 1 volume of nitrogen + 3 volumes of hydrogen form 2 volumes
of ammonia

For cxzmple, 1dm® of nitrogen + 3 dm® of hydrogen form 2 dm®

of ammonia

Since equal volumes of gases (at the same temperature and pressure)
contain the same number of molecules, if you consider the Avogadro
constant (L), L molecules of carbon dioxide, L molecules of hydrogen,
L molecules of oxygen and so on, then all the gases will occupy the
same volume. The volume occupied by L molecules of gas, which is
one mole of each gas, is called the gas molar volume.

In stating the volume of a gas, one needs to state the temperature
and pressure at which the volume was measured. It is usual to give
the volume at 0°C and 1 atmosphere pressure (273K and 1.01X
10°Nm™). These conditions are called standard temperature and

46



EXAMPLE 1

METHOD

EXAMPLE 2

METHOD

ANSWER
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pressure (s.t.p.). Chapter 9 deals with calculating the volume of a
gasat s.Lp. from the volume measured under experimental conditions.

l One mole of gas occupies 22.4 dm” at 0°C and 1 atmosphere.

Since one mole of gas occupies 22.4 dm? at s.t.p., the gas molar volume
is 224dm® at s.t.p. This makes calculations on reacting volumes of
gases very simple. An equation which shows how many moles of
different gases react together also shows the ratio of the volumes of
the different gases that react together. For example, the equation
2NO(g) + Oyg) — 2NO(g)
tells us that 2 moles of NO + 1 mole of O, form 2 moles of NO,
44.8dm® of NO + 22 4 dm® of O, form 44.8 dm? of NO,
In general, 2 volumes of NO + 1 volume of O, form 2 volumes of NO,.
What is_the volume of oxygen needed for the complete combustion
of 2dm? of propane?
Write the equation:
CiHy® + 50g) —* 3COxg) + 4H,0()
1 mole of C,H needs 5 moles of O
1 volume of C;Hy needs 5 volumes of O,. Therefore:
2dm? of propanc need 10 dm® of oxygen.

What volume of hydrogen is obtained when 3.00g of zinc react with
an excess of dilute sulphuric acid at s.tp.?

Wite the equation:
In(s) + H:SOsaq) ——a Hy@ + ZnSOsaq)
1 mole of Zn forms 1 mole of H,
65g of Zn form 22.4 dm? of H, (at s.tp.)
3.00g of Zn form %) X 224dm® = 1.03dm’H,

3.00¢ of zinc give 1.03 dm” of hydrogen at s.t.p.

EXERCISE 11 Problems on Reacting Volumes of Gases

secTion 1
he problem s to find the percentage by volume composition of 3
mixture of hydrogen and ethane. When 75 cm? of the mixture was
burned in an excess of oxygen, the volume of carbon dioxide produced
was 60 cm? (all volumes at s.t.
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a) Write an equation for the combustion of ethane.
b) Say what volume of ethane would give 60 cm® of carbon dioxide.
©) Calculate the percentage of ethane in the mixture
2. 25cm® of carbon monoxide were ignited with 25 em? of oxygen. All
gas volumes were measured at the same temperature and pressure.
‘The reduction in the total volume was
a 25cm’ b 100em® ¢ 125em® d 150cm® e 25.0cm®
3. Ethene reacts with oxygen according to the equation
CiHy(g) + 30,(g) — 2C0,(g) + 2H,0(1)
15.0cm® of ethene were mixed with 60.0cm? of oxygen and the
mixture was sparked to complete the reaction. If all the volumes were
measured at sitp., the volume of the products would be:
a15em® b 30em’ ¢ 45em®  d 60em® e 7Scm?
‘The table gives the formulac and relative molecular masses of some

»

Formula Ne CH, O, Ar NO, SO, SO,
M, 20 26 32 40 46 64 80
Volume (cm?) occupied

bylgofgasatstp. 1120 861 700 560 485 350 280

a) Plot a gmph of volume (on the vertical axis) against M, (on the
horizontal axi

b) Use the guph o predict the volumes occupied at 5..p. by
i) 1gof fluorine, F,
i) 1gof Cl,.

©) What is the relative molecular mass of a gas which occupies 508 cm®
per gram at s e gas contains only carbon and oxygen,
what is its formula?

sectionz

Ethene, H,C=CH,, and hydrogen react in the presence of a nickel

catalyst to form ethane.

a) Write a balanced equation for the reaction.

b) If a mixture of 30 cm? of ethene and 20 em? of hydrogen is passed
over a nickel catalyst, what is the composition of the final mixture?
(Asum; that the reaction is complete and that all gas volumes are
ats.tp.

2. What volume of oxygen (at s.t.p.) is required to burn exactly:
a) 1dm® of methane, according to the reaction
CH(g) + 20,@ —# COJg) + 2H,0()
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b) 500 cm? of hydrogen sulphide, according to the reaction
2H;5() + 30,(5) — = 250,g) + 2H0()
©) 250 cm® of ethyne, according to the equation
2CH,(g) + 50.(g) — 4COxg) + 2H,0(g)
d) 750 cm? of ammonia, according to the reaction
4NH(g) + 50,(5) —= 4NO(® + 6H,0(g)
€) 1dm? of phosphine, according to the reaction
PHyg) + 20,5 —m HPOLs)?
1dm? of H,$ and 1dm? of SO, were allowed to react, according to
the equation
2H;S(g) + SO g — 2H00) + 35(s)
What volume of gas will remain after the reaction?
100 cm® of a mixture of ethane and ethene at s.t.p. were treated with
bromine. 0.357g of bromine was used up. Calculate the percentage
by volume of ethene in the mixzure.

. Hydrogen sulphide burns in oxygen in accordance with the following

equation:
2H,5(g) + 30,(5) —= 2H0(g) + 250,(8)

If 4dm? of H,S are burned in 10dm® of oxygen at 1 atmosphere

pressurc and 120°C, what is the final volume of the mixture?

2 6dm® b 8dm® ¢ 10dm’  d 12dm® ¢ 14dm®

FINDING FORMULAE BY COMBUSTION

EXAMPLE 1

The formula of a hydrocarbon can be found from the results of a
combustion experiment. A hydrocarbon in the vapour phase is burned
in an cxcess of oxygen to form carbon dioxide and water vapour.
When the mixture of gascs is cooled to room temperature, water
vapour condenscs to occupy a very small volume. The gascous mixture
consists of carbon dioxide and unused oxygen. The volume of carbon
dioxide can be found by absorbing it in an alkali. From the volumes
of gases, the cquarion for the reaction and the formula of the hydro-
carbon can be found.

The combustion method can be used for other compounds also, € g.
ammonia (see Example 3).

When 100 cm?® of a hydrocarbon X burn in 500 cm?® of oxygen, 50 cm?
of oxygen are unused, 300cm? of carbon dioxide arc formed, and
300em? of steam are formed. Deduce the equation for the reaction
and the formula of the hydrocarbon.
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METHOD

EXAMPLE 2

METHOD

EXAMPLE 3

X + 0))) —» COyg) + HO@R)
100em®  450cm?® 300cm®  300em®
‘The volumes of gases reacting tell us tha