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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
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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).
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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?



Equations and the Mole 33
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 that
X + 4}0,@ —» 3C0p) + 3H,0@)
To balance the equation, X must be C3H. Then,
CiHyg) + 410i()) —> 3COxp) + 3H:0()
2CHi(g) + 90,(5) — 6COy(g) + 6H,0(g)

10 em? of a hydrocarbon, C,Hj, are exploded with an excess of oxygen.
A contraction of 35 cm? occurs, all volumes being measured at room
temperature and pressure. On treatment of the products with sodium
hydroxide solution, a contraction of 40cm® occurs. Deduce the
formula of the hydrocarbon.

Write the equation:
CHo(® + (a+b/4)0y(g) — aCOs(p) + £/2 H,00)
Volume of hydrocarbon = 10cm®
Volume of CO; = a X Volume of C,H,
From reaction with NaOH, volume of CO, = 40cm?
Therefore a = 4
Let the volume of unused oxygen be ¢ cm?.
Final volume = Initial volume — 35 cm®

Note that H,0(1) is a liquid at room temperature and pressure, and
does not contribute to the final volume of gas.

40+c = 10+40+5b/2+c—35
25 = 5b/2
b =10

‘The formula is C4Hyo.

20cm? of ammonia are bumed in an excess of oxygen at 110°C.
10em® of nitrogen and 30cm® of steam are formed. Deduce the
formula for ammonia, given that the formula of nitrogen is N;, and
the formula of steam is H,0.

Let the formula of ammonia be N,H,..

‘The equation for combustion is

NH, + b/40, —= al2N, + b2H,0
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Volume of N,H, = 20cm?

Volume of N; = a/2X20 = 10acm® = 10em®
Volume of H,0(g) = 5/2X20 = 10bem® = 30em®
‘The formula is NH;.

EXERCISE 12 Problems on Finding Formulae by Combustion

1. 10cm® of a hydrocarbon C,H, were exploded with an excess of
oxygen. There was a contraction of 30cm?. When the product was
treated with a solution of sodium hydroxide, there was a further
contraction of 30em?. Deduce the formula of the hydrocarbon. All
gas volumes arc at s.

~

. 10em® of a hydrocarbon C,H, were exploded with excess oxygen.
A contraction of 25cm?® occurred. On treating the product with
sodium hydroxide, a further contraction of 40 cm? occurred. Deduce
the values of a and 4 in the formula of the hydrocarbon. All measure-
ments of gas volumes are at ..p.

3. 10cm® of a hydrocarbon CiHy were exploded with an excess of

oxygen. A contraction of aem’® occurred. On adding sodium

hydroxide solution, a further contraction of »cm?® occurred. What
are the volumes, a and b? All gas volumes arc at s.t.p.

4. When North Sea gas burns completely, it forms carbon dioxide and
water and no other products. When 250 cm* of North Sea gas burn,
they need 500cm® of oxygen, and they form 250 em? of carbon
dioxide and 500 cm” of steam (the volumes being measured under the
same conditions). Deduce the equation for the reaction and the
formula of North Sea gas.

EXERCISE 13 Problems on Reactions Involving Solids and Gases

secTioN 1
. In the reaction between marble and hydrochloric acid, the equation is
CaCOy(s) + 2HCI(aq) ——= CaCl(aq) + COx(g) + H:0(1)
What mass of marble would be needed to give 11.00g of carbon
dioxide?
What volume would this gas occupy at s.t.p.?

. Zine reacts with aqueous hydrochloric acid to give hydrogen.
Zn(s) + 2HCl(aq) —= Hy(g) + ZnClyaq)

What mass of zinc would be needed to give 100g of hydrogen? What
volume would this gas occupy at s.t.p.?
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3. Sodium hydrogencarbonate decomposes on heating, with evolution of
carbon dioxide:
2NaHCO(s) ——= Na,CO4(s) + CO(g) + H,0(g)
What volume of carbon dioxide (at 5.tp.) can be obtained by heating
4.20g of sodium hydrogencarbonate? If 4.2¢ of sodium hydrogen-
carbonate react with an excess of dilute hydrochloric acid, what
volume of carbon dioxide (at s.t.p.) s evolved?

4. Many years ago, bicycle lamps used to burn the gas ethyne, C;H;. The
gas was produced by allowing water to drip on to calcium carbide. The
unbalanced equation for the reaction is:

Calcium carbide + Water ——#= Ethyne + Calcium hydroxide
CaCy(s) + H0() — C;Hy(g) + Ca(OH)y(s)
2) Balance the equation.
b) Calculate the mass of calcium carbide which would be needed to
produce 467 cm? of ethyne (at s.t.p.).

@

. Dinitrogen oxide, N,0, is commonly called laughing gas. It can be
made by heating ammonium nitrate, NH,NO,. The unbalanced
equation for this reaction is:

NHNOy(s) — N;0(g) + H:0()
) Balance the equation.
b) Calculate the mass of ammonium nitrate that must be heated to

give
i) 8.8 of laughing gas
ii) 112 dm” of laughing gas (at s.t.p.).

secTion2

a) Analysis of an oxide of potassium shows that 1.42 of this oxide
contains 0.64 g of oxygen. What is its empirical formula?

b) This oxide reacts with carbon dioxide to form oxygen and potas-
sium carbonate, KCOs. Write an equation for the reaction.

<) This reaction is sometimes used as a means of regenerating oxygen
in submarines. What volume of oxygen (at s.t.p.) could be obtained
from 1.00kg of this oxide of potassium?

2. A cook is making a small cake. It needs 500 cm® (at s.t.p.) of carbon
dioxide to make the cake rise. The cook decides to add baking powder,
which contains sodium hydrogencarbonate. This generates carbon
dioxide by thermal decomposition:

2NaHCOy(s) —= COs(g) + Na,CO(s) + Hy0(l)

What mass of sodium hydrogencarbonate must the cook add to the
cake mixture?
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3. A certain industrial plant emits 90 tonnes of nitrogen monoxide, NO,

daily through its chimneys. The firm decides to remove nitrogen
monoxide from its waste gases by means of the reaction

Carbon

dioxide

CHyg) + 4NO(g) —  2Ny(g) + COs(g) + 2H,0()

If methane (North Sea gas) costs 0.50p per cubic metre, what will this

clean-up reaction cost the firm to run? (Ignore the cost of installing

the process, which will in reality be high.)

Nitrogen

" + er
monoxide Wa

Methane + —  Niwrogen +

(Hint ‘Tonnes of NO ... moles of NO ... moles of CH, . ... volume
of CHj ... cost of CHy (1 m® = 1000 dm)

=

In the Solvay process
NaCl(ag) + NHy(g) + H;0() + COxg) ——= NaHCOg(s) + NHCl(aq)
what volume of carbon dioxide (at s.tp.) is required to produce
1.00kg of sodium hydrogencarbonate?

o

Find-the volume of ethyne (at 5.t.p.) that can be prepared from 10.0g
of calcium carbide by the reaction
CaCy(s) + 2H;0(1) ——=  Ca(OH),(aq) + C:H,(g)
6. Find the mass of phosphorus required for the preparation of 200 cm®
of phosphine (at s.t.p.) by the reaction
Pa(s) + 3NaOH(aq) + 3H,0(1) —— 3NaH,PO4(aq) + PH,(g)

7. Calculate the mass of ammonium chloride required to produce
1.00dm? of ammonia (at s.t.p.) in the reaction
2NH,CI(s) + Ca(OH)y(s) —= 2NH,(g) + CaCly(s) + 2H,0(g)

8. What mass of potassium chlorate(V) must be heated to give 1.00 dm®
of oxygen at s.t.p.? The reaction is
2KCIOs) — 2KCl(s) + 30,(g)

) can be obtained from the
.0 g of sodium chloride?

. What volume of chlorine (at s.
electrolysis of a solution containing

0. What volume of oxygen (at s.t.p.) is needed for the complete combus-
tion of 1.00kg of octane? The reaction is
2CH () + 250,(9) — = 16COLp) + 18H,0(p)
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EXERCISE 14 Questions from A-level Papers

1. a) Describe the chemistry involved in the rusting of iron, and explain
two ways (different in principle) by which it may be prevented.

b) Aerials in portable radios are made of a mixed oxide of calcium
and iron known as ‘Ferrite’. It contains 18.5% calcium and 51.9%
iron by mass. Calculate the empirical formula of ‘Ferrite’ and
hence deduce the oxidation number of the iron it contains. (C92)

2. When chlorine is passed over heated sulphur in the absence of air, an
orange liquid A that contains 47.5% of sulphur, by mass, is formed.
Its relative molecular mass is about 135. When A is treated with
ammonia dissolved in benzene, an explosive orange-yellow solid B is
obtained. Compound & contains 30.4% of nitrogen by mass, the
remainder being sulphur. Its relative molecular mass is about 185.
By Xeray diffraction, it has been shown that all the bonds in this
compound are the same length.

When B is reduced by tin(I1) chloride in a methanol/benzene solution,

a compound C that contains 29.8% of nitrogen and 68.1% of sulphur,

by mass, is formed.

) What is the likely formula of substance A? Draw a diagram to show
the likely shape of its molecule.

b) Suggest structures for substances 5 and C, explaining clearly how
you arrived at your conclusions.

©) Write an equation for the conversion of substance 5 into substance
C.

d) Suggest a reason why substance B is explosive. (C918)

@

A bright red solid A dissolves in water to give a highly acidic solution.
When a solution of A is made alkaline with aqueous sodium hydroxide,
the solution turns yellow. On heating 1.0g of A, 0.76g of a green
powder B is formed and 168 cm® of oxygen (measured at s.t.p.) are
given off.

An orange solid C may be obtained from the solution made by dissolv-
ing 1.0g of A in 5.0 cm® of 2.0 mol dm ™~ ammonia.

When 1.26g of C are warmed, a violent reaction takes place, giving off
112cm? (measured at st.p.) of an inert gas, as well as steam, and
leaving behind the same green powder B that was made by heating A.
If A is dissolved in cold, comnmzed hydrochloric acid, and concen-
trated sulphuric acid is then gra added, a dark, red-brown oil D
separates out. D has a bmlmg pom( of 117°c and rapidly reacts with
water. D contains 45.8% of chlorine by mass.

Identify A, B, C and D, give equations for all the reactions involved

and show that these equations are consistent with the quantitative
data. (c
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4.2) A number of compounds resulting from Man’s chemical activities
are known to cause atmospheric pollution.

In acopy of the table below, give the names and formulac of any four
atmospheric pollutants, stating the cffect of the pollution from cach.

Name and formula of pollutant Effect of pollutant

b) For one of the pollutants in your table suggest a method of reduc-
ing its release into the atmosphere.
A farmer uses 2000kg of ammonium nitrate fertiliser per annum.
Of this, 5% is leached into neighbouring streams.
i) Calculate the mass of ammonia required to produce 2000 kg of
ammonium nitrate, assuming ALL THE NITROGEN is derived

3

ii) 1f the Local Water Authority does not allow agricultural dis-
charge of nitrogen as nitrate or ammonium ions to exceed the
equivalent of 500mg of NH, per dm?, calculate the minimum
volume of water required to take up the fertiliser leached into
the streams. (AEB91)

5. 2) Both silver nitrate solution and iron(lll) chloride solution give

brown precipitates when sodium hydroxide solution is added. In
an investigation, the brown precipitates were filtered off but then
were confused.

i) Write the formula for cach of the brown precipitates.

i) Devise a procedure for distinguishing between the precipitates,
using the same test on each precipitate. Give the reagent(s) used
and state the observation(s) with each precipitate.

The following method was used to determine the percentage by
mass of iodine in an iodoalkane. A 2.37 g sample of the iodoalkane
was boiled with sodium hydroxide solution, the resulting mixture
cooled, acidified with dilute nitric acid and treated with excess
silver nitrate solution. The precipitatc obtained was filtered off,
washed and dried. It was found to weigh 3.28g.

i) Why was dilute nitric acid added before adding silver nitrate

solution?

i) Calculate the percentage by mass of iodine in the iodoalkane.
A different iodoalkane contains, by mass, 90.07% iodine,
8.51% carbon and 1.42% hydrogen. It has a relative molecular
mass of 282. Calculate its molecular formula. (JMB91,p)

£
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6. 2) When a hydrocarbon fuel is burned with the correct amount of air

required for combustion, carbon monoxide is generally present in

the exhaust gases.

i) Write the equation fnr the complete combustion of a hydro-
carbon of formula

i) Suggest two reasons \vhy the formation of carbon monoxide
is undesirable.

iii) Adding an excess of air successfully reduces the formation of
carbon monoxide. Suggest an important disadvantage of doing
this.

b) Processes involving the roasting of a metal sulphide ore produce
high concentrations of sulphur dioxide in the exhaust gas. Chem-
ists have devised several ways of solving this pollution problem,
and an extension to existing plant can produce saleable by-products
from the sulphur dioxide.

How might political or economic factors interfere with the imple-

mentation of these pollution remedies in certain countries?

o

One solution to the pollution problems referred to in (b) is to
oxidise the sulphur dioxide catalytically and to use the resulting
sulphur trioxide to make sulphuric acid. What mass of sulphuric
acid (M, would be produced from one tonne of pyrites
(FeSs o 120) if all the sulphur were converted into sulphuric
acid;

e

There are other solutions to these pollution problems. In the
Resox process, sulphur dioxide (M, = 64) is reduced to sulphur by
pulverised coal in the presence of steam as 2 catalyst. The sulphur
produced: can be sold. The consumable needs of the process are
stated to be ‘about 0.2 kg coal and 0.05 kW h electricity per kilo-
gram of inlet sulphur dioxide’.

i) Write an equation for this chemical process.

ii) From this equation, estimate the coal consumption of the
process per kilogram of sulphur dioxide, thus verifying (or
otherwise) the stated claim. Assume for simplicity that the
coal consists only of carbon.

iii) Suggest a reason why the electricity is needed.

iv) The exhaust gases from roasting a metal sulphide ore contain
10% by volume of sulphur dioxide. What volume of exhaust
gas before treatment will contain ‘1 kg of inlet sulphur dioxide’?
The molar volume under the conditions used is 60 litres mol™.

(MB91)

7. Fertilisers often contain phosphorus compounds, the proportion of

phosphorus being expressed in terms of % P;05 by mass
2) Why would this NOT be the actual phosphorus compound in the
fertiliser?
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b) If a fertiliser was listed as 10% P,05 by mass but actually contained
calcium phosphate, Cas(PO,),, what would the composition be if
expressed as % calcium phosphate by mass? (Relative atomic
masses: O = 16; P = 31;Ca = 40) (L91,p)

. a) Compare and contrast the chemistry of aluminium(i11) and chrom-

ium(I),

b) Draw the shapes of the ions, NO; and SO3” and predict ways in
which each of these ions could co-ordinate to a transition metal
ion.

<) During an investigation of the reaction of cobalt(II) sulphate with
aqueous ammonia and sodium nitrite, a research chemist isolated
two isomers, A and B, with the following composition: Co, 20.6%;
H, 5.2%; N, 29.4%; O, 33.6%; S, 11.2%. Furthermore, the reaction
of 0.1g of either 4 or B with slight excess of an aqueous solution
of barium chloride gave a precipitate of 0.0816g of barium sul-

phate.
Propose structures for the isomers A and  and suggest a structure
for another isomer. (JMB90,5)

Caesium iodide reacts with chlorine at room temperature to give a

compound, S, containing only caesium, iodine and chlorine. 3.31g of

S was dissolved in water, and sulphur dioxide was passed through the

boiling solution until no further change took place. The resulting mix-

ture was acidified with nitric acid, boiled to expel excess sulphur

dioxide and cooled to room temperature. The addition of aqueous

silver nitrate produced a precipitate of mass 5.22g which was partly

soluble in concentrated aqueous ammonia, leaving a pale yellow

residue of mass 2.35g. The yellow residue gave off a purple vapour

when heated with concentrated sulphuric acid.

a) Deduce the formula of S,

b) Draw a diagram to show the electronic structure of the anion in .

Suggest, giving reasons, a shape for the anion in S.

d) Whatis the oxidation number of iodine in 57

€) Assuming sulphate ion to be one product, write a balanced redox
quation for the reaction beoween the anion in S and sulphur

xide.

)

Explam the fact that compounds similar to § with other iodides

of Group 1 are less stable.

Write balanced equations to explain:

i) the partial solubility in aqueous ammonia of the precipitate
formed with silver nitrate solution;

ii) the reaction which gave rise to the purple vapour. (L92,8)

k<3
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*10. ) Propose shapes for the molecules B(CHy),, C(CH)s, and O(CHy);
and discuss their potential Lewis acid-base properties
1) 1dentiy the compounds A, B, C and D in the following reaction
sequence. Deduce probable shapes for the compound A and for
the two phosphorus species present in 5.
The reaction of PFy with chlorine gave a gas A with the percentage
composition Cl, 44.7; F, 35.8; P, 19.5; M, = 159. On standing for
several hours, samples of A deposited a crystalline white solid &
with the same empirical formula as A but with M, = 318. B con-
tains one cation and one anion per formula unit. Reaction of B
with sodium fluoride gave a gas C and a solid D. Elemental analysis
of C gave Cl, 74.0%; F, 9.9%; P, 16.1%; M, = 192. Elemental
analysis of D gave F, 67.9%, Na, 13.7%; P, 18.4%; D contains one
cation and one anion per formula unit.
<) Discuss how you would expect the solid B to interact with N(CHy);.
(JMB9L,S)
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CONCENTRATION

One way of stating the concentration of a solution is to state the mass
of solute present in 1 cubic decimetre of solution. The mass of solute
is usually expressed in grams. A solution made by dissolving 5 grams
of solute and making up to 1 cubic decimetre of solution has a con-

centration of 5 gdm™ (5 grams per cubic decimetre).

Other units of volume are the cubic centimetre, cm?, the cubic metre,
m?, and the litre, . The litre has the same volume as the cubic deci-

metre.

10°em® = 1dm® = 11 = 10™m® (10°=1000; 107 = 0.001)

A more common way of stating concentration in chemistry is to state
the molar concentration of a solution. This is the amount in moles of

a substance present per cubic decimetre (litre) of solution.

What is the molar concentration of a solution of 80g of sodium
hydroxide in 1dm® of solution? The amount in moles of NaOH in

80g of sodium hydroxide can be calculated from its molar mass.
Molar mass of NaOH = 23+ 16+ 1 = 40gmol™*
Amount of NaOH = —1255__
Molar mass
80
= J0gmol™

= 2mol

‘The concentration of the solution s given by:

Concentration of solution (mol dm™) =

_Amount of solute (mol)

Volume of solution (dm?)

For this solution,
2mol
1dm®

Concentration = = 2moldm™

If 3 moles of sodium hydroxide are dissolved in 500 cm? of solution,

3 mol
0.5dm’

Concentration = = 6moldm™

59
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EXAMPLE 1

METHOD

The symbol M is often used for moldm™. This solution can be des-
cribed as a 6 M sodium hydroxide solution.

‘The concentration in moldm™ used to be referred to as the molarity
of a solution. (In strict SI units, concentration is expressed in mol m>.)

Figure 8.1 gives more examples.

1 moteat 1 moteat 2molesot 1moleof
solute solute
inldwol inzdmol nldwol  ngemel
solution salution solution
Concentration = 1mofdm ™ 0Smoldm™?  Zmoldm™  2molm™
it 05m 2w 2

Fig.8.1  How to calculate concentration

A uscful rearrangement of the expression in the box on the previous
page is:

1) = Volume (dm?) x C i ‘dm")J

For example, the amount in moles of solute in 2.5dm? of a 2.0 mol
dm"? solution is given by:

Amount of solute = 2.5 dm*X 2.0 mol dm™ = 5.0 mol

Calculate the concentration in moldm™ of a solution containing
36.5 g of hydrogen chloride in 4.00dm® of solution.
Molar mass of HCI = (35.5+ 1.0) = 36.5gmol™
Amount (mol) present in 36.5g = 1.00 mol
Volume = 4.00dm®
. on of sofution  Amount of solute (mol)
Volume of solution (dm’)
1.00mol
4.00dm?
= 0.25moldm™
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answer  The concentration is 0.25 mol dm =, (It is a 0.25 M solution.)

exampLe2 Calculate the amount of solute (mol) in 250 cm® of a sulunon of
sodium hydroxide which has a concentration of 2.00 mol dm ™.

METHOD Concentration of solution = 2.00 moldm ™

0.250dm*

Amount of solute = Volume X Concentration
(dm?)  (moldm™)

= 2.00% 0.250
= 0.500ml

Volume of solution = 250 cm*

answer  The solution contains 0.500 mol of solute.

EXERCISE 15 Problems on Concentration

1. Calculate the concentration in moldm™ of
2) 3.65 g of hydrogen chloride in 2.00 dm” of solution
b) 73.0g of hydrogen chloride in 2.00 dm” of solution
©) 49.0g of sulphuric acid in 2.00 dm* of solution
d) 49.0g of sulphuric acid in 250 cm® of solution
€) 2.80g of potassium hydroxide in 500 cm® of solution
f) 28.0g of potassium hydroxide in 4.00 dm® of solution
) 5.30g of anhydrous sodium carbonate in 200 cm® of solution
h) 53.0g of anhydrous sodium carbonate in 2.50 dm® of solution.

2. Calculate the amount in moles of solute in

a) 250 em® of sodium hydroxide solution containing 1.00 mol dm™>

b) 500 cm? of sodium hydroxide solution containing 0.250 mol dm ™

) 250 em? of 0.0200 M ealcium hydroxide solution

d) 2.00dm” of 1.25 M sulphuric acid (1.25 mol dm ™)

©) 125cm® of agueous nitric acid, having a concentration of
0.400 mol dm™*

f) 200em® of ammonia solution, having a concentration of
0.125 moldm™

) mcm! Df aqueous hydrochloric acid of concentration
3.00 mol dm

h) 1500cm® of
0.750 mol dm™

otassium hydroxide solution of concentration
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3. What mass of the solute must be used in order to prepare the required
solutions listed below?

2) 500 cm? of 0.100mol dm™3 HyC,04(aq) from H,C,04(s)

b) 250 cm?® of 0.200 mol dm ™ Na,CO5(aq) from Na,COx(s)

¢) 750 cm? of 0.100 mol dm™ H;C,04(aq) from H,C;04°2H,0(s)

d) 2.50dm® of 0.200 mol dm~3 NaHCO(aq) from NaHCO(s)

€) 500 cm? of 0.100 mol dm ™ Na,B,0(aq) from Na,B,0,*10H,0(s)
What volumes of the following concentrated soluuons are required to
give the stated volumes of the more dilute solution:

a) z oo dm? of 0.500 mol dm~? H,S0,(aq) from 2. no mol dm™*

>

04(aq)
b) 1 00 dm’ of 0.750 mol dm™* HCl(aq) from 10.0 mol dm"llCl(aq)
<) zsu cm? of 0.250 mol dm ™ NaOH(aq) from 5.50 mol dm

OH(aq)
&) 300emS o 1.25 mol dm> HNO,(aq) from 3.25 mol dm~>
HNO,(aq)
©) 250 cm? of 2.00 mol dm~* KOH(ag) from 2.60 mol dm™> KOH(ag)

TITRATION

A solution of known concentration is called a standard solution.
Such a solution can be used to find the concentrations of solutions
of other reagents.

In volumetric analysis, the concentration of a solution is found by
measuring the volume of solution that will react with a known volume
of a standard solution. The procedure of adding one solution to
another in a measured way until the reaction is complete is called
titration. Volumetric analysis is often referred to as titrimetric analysis
o titrimetry.

ACID-BASE TITRATIONS

A standard solution of acid can be used to find the concentration of
a solution of alkali. A known volume of alkali is taken by pipette, a
suitable indicator is added, and the alkali is titrated against the
standard acid until the equivalence point is reached. The number of
moles of acid used can be calculated and the equation used to give the
number of moles of alkali neutralised.

exampLE 1 Standardising sodium hydroxide solution
at is the concentration of a solution of sodium hydroxide, 25.0 cm®
of which requires 20.0cm® of hydrochloric acid of concentration
0.100 mol dm ™3 for neutralisation?
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In tackling this calculation,
a) Write the equation. Find the number of moles of acid needed to
neutralise one mole of alkali.

NaOH(ag) + HCl(aq) — NaCl(aq) + H,0(l)
1 mole of NaOH needs 1 mole of HCl for neutralisation.
b) Use the expression
Amount of solute (mol) = Volume (dm?) X Concentration (mol dm™%)

to find the number of moles of the reagent of known concentration,
in this case HCL.

Amount (mol) of HCl = Volume (dm*) X Concn (mol dm ™)
= 20.0X107*x0.100 = 2.00 X 10~*mol
From equation: No. of moles of NaOH = No. of moles of HCl
= 2.00 X 10" mol
But: Amount (mol) of NaOH = Volume (dm?) X Concn (mol dm™?)
=250X107x ¢

(where ¢ = concn)
Equate these two values: 2.00X 107 = 25.0X 107X ¢

= (200X 107)/(25.0X 107)

= 0.080mol dm™?

The concentration of sodium hydroxide is 0.080 mol dm ™2,

Standardising bydrochloric acid
Sodium carbonate (anhydrous) is used as a primary standard in
volumetric analysis. A solution of sodium carbonate of concentration
0.100mol dm ™7 is used to standardise a solution of hydrochloric acid.
25.0cm? of the standard solution of sodium carbonate require
35.0em? of the acid for Caleulate the

of the acid.

) Write the equation:
Na,COs(aq) + 2HCl(aq) — 2NaClag) + COi(g) + H,O()
1 mole of Na,CO, neutralises 2 moles of HCI.
b) Find the amount (mol) of the standard reagent used.
Amount (mol) of Na;COx(aq) = Volume (dm?) X Concn (mol dm~3)
= 25.0X107X0.100
= 2.50X 10> mol
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EXAMPLE 3

METHOD

From equation: No. of moles of HCl = 2 X No. of moles of Na,CO,
= 5.00 X 10~ mol

But: Amount (mol) of HCl(ag) = Volume (dm?) X Conen (mol dm~?)

= 350X107x ¢
(where ¢ = concn)
Equate these two values: 5.00X 107 = 35.0X 107X ¢
¢ = (500X 1073/(35.0 107%)

= 0.143moldm™

The concentration of hydrochloric acid is 0.143 mol dm ™.

Calculating the percentage of sodium carbonate in washing soda
stals

5.125g of washing soda crystals are dissolved and made up to 250 cm?

of solution. A 25.0cm® portion of the solution requires 35.8 cm®

of 0.0500moldm ™ sulphuric acid for neutralisation. Calculate the

percentage of sodium carbonate in the crystals.

a) Write the equation:
Na;CO4(aq) + HSOiaq) ——# Na;80,(aq) + CO(g) + H,0()
1 mole of Na,CO, neutralises 1 mole of H,SO.
b) Calculate the amount, in moles, of the standard reagent.
Amount (mol) of H,S04 = 35.8 X 107X 0.0500 = 1.79 X 10~*mol
Amount (mol) of Na,CO3 = 1.79 X 10" mol
But: Amount of Na,CO; = 25.0X 107X cmol
(where ¢ = concn)
Equate these two values:  1.79 X107 = 25.0X 107X ¢
¢ = (179X 107)/(25.0x107%)
0.0716 moldm™?
Amount (mol) of Na,COy in whole solution = Volume X Concn
250X 1073X 0.0716
= 0.0179 mol
Mass of Na,CO; = Amount (mol) X Molar mass = 0.0179X 106 g
= 190g
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#oof NayCo, = Mass of sodium carbonate o
Mass of crystals

199,100 = 37.%
5.125

Washing soda crystals are 37.1% sodium carbonate.

Estimating ammonium salts

A sample containing ammonium sulphate was warmed with 250 cm®
of 0.800moldm™> sodium hydroxide solution. After the evolution
of ammonia had ceased, the excess of sodium hydroxide solution was
neutralised by 85.0cm® of hydrochloric acid of concentration
0.500 mol dm~>. What mass of ammonium sulphate did the sample
contain?

a) ‘There are two reactions taking place:
i) the reaction between the ammonium salt and the alkali:
(NH,);804(s)+2NaOH(aq) — 2NH(g)+Na,S04(aq)+2H,00)
i) the cescton beoween the excess alkali and the bydrochloric
acid:

NaOH(agq) + HCl(aq) — NaCl@aq) + H,0()

b) Pick out the substance for which you have the information you
need to calculate the number of moles. As you know its volume and
concentration, you can calculate the number of moles of HCI. This
will tell you the number of moles of NaOH left over after reaction i).
Subtract this from the number of moles of NaOH added to the
ammonium salt to obtain the number of moles of NaOH used in
reaction i). This will give you the number of moles of (NH,),S0,
with which it reacted.
Amount (mol) of HCl = 85.0 X 103X 0.500 = 0.0425 mol
Amount (mol) of NaOH left over from reaction i) = 0.0425 mol
Amount (mol) of NaOH added = 250 X 1073 X 0.800 = 0.200mol
Amount (mol) of NaOH used in reaction i) = 0.200—0.0425

= 0.1575mol
No. of moles of (NH,);S0, = 0.5 X No. of moles of NaOH

= 0.0788 mol

Molar mass of (NH,),50, = 132gmol™!
Mass of ammonium sulphate = 0.0788X 132 = 104g

‘The sample contained 10.4 g of ammonium sulphate.
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EXERCISE 16 Problems on Neutralisation

»

»

secTioN 1
Calculators are not needed for these problems.

The following are problems on neutralisation. Show, glvlng your
working, whether each of these statements s true or fa

1 mol of HCI will neutralise

a) 5dm? of KOH(aq) of concentration 0.2 mol dm ™, Truc or False?
b) 2dm? of NaOH(aq) of concentration 0.2 moldm™

¢) 2dm? of KOH(aq) of concentration 0.5 mol dm ™

d) 0.5 dm® of NaOH(ag) of concentration 1 mol dm™

€) 250 cm?® of Na,COs(aq) of concentration 2 mol dm™

) 200 cm” of Na,COs(aq) of concentration 4 mol dm ™

1 mol of H;S0, will neutralise

a) 500 cm? of NaOH(aq) of concentration 4 mol dm . True or False?
b) 1dm? of KOH(ag) of concentration 1 mol dm™

©) 400 cm® of NaOH(aq) of concentration 5 mol dm ™

d) 500 cm® of NayCOs(aq) of concentration 1 mol dm™

€) 2dm? of Na,CO,(aq) of concentration 0.5 mol dm ™

f) 4dm? of KOH(ag) of concentration 0.25 mol dm™>

5 mol of NaOH will neutralise

) 2dm? of HCl(aq) of concentration 2 mol dm™. True or False>
b) 250 cm?® of HCl(aq) of concentration 10 mol dm™

©) 250 cm® of H,504(aq) of concentration 10 mol dm™

d) 500 cm® of H,804(aq) of concentration 5 mol dm™

€) 2500 em® of HNO(aq) of concentration 2 mol dm™*

) 2dm? of HNO,(aq) of concentration 2 mol dm

0.5 mol of Na;CO, will neutralise

2) 1dm? of HCl(ag) of concentration 1 mol dm™. True or False?
b) 1dm?of H;SO4(aq) of concentration 1 moldm™

<) 500 cm? of HCl(ag) of concentration 1 mol dm™*

d) 250 cm? of HNO,(aq) of concentration 2 mol dm™

€) 200 cm? of H,504(aq) of concentration 2.5 mol dm™

£) 500 cm? of HNO,(aq) of concentration 2 mol dm™

Sodium hydroxide is sold commercially as solid lye. A 1.20g sample
of lye required 45.0cm® of 0.500moldm™ hydsochloric acid to
neutralise it. Calculate the percentage by mass of NaOH in
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6. Vinegar is a solution of ethanoic acid. A 10.0 cm® gunion of a certain

brand of vinegar needed 55.0 cm” of 0.200 mol dm"* sodium hydroxide
solution to neutralise the ethanoic acid in it.
Ethanic + Sodium Sodium + Water
acid hydroxide . cthanoate

CH;CO.H@q) + NaOH(aq) — CHyCO,Na(aq) + H,0()
a) Caleulate the concentration of cthanoic acid in the vinegar in
mol dm>.

b) Given that the density of this vinegar is 1.06 g cm™, calculate the
concentration of ethanoic acid in percentage by mass.

7. Salt is a necessary ingredicnt of our diet. In certain illnesses, the salt
balance can be lost, and a doctor or nurse must give salt intravenously.
‘They inject normal saline, which is 2 0.85% solution of sodium chloride
in water (0.85 of solute per 100g of water). What is the molar con-
centration of normal saline?

8. A chip of marble weighing 2.50g required 28.0g of 1.50 moldm™
hydrochloric acid to react with all the calcium carbonate it contained.
What is the percentage of calcium carbonate in this sample of marble?
) Write the balanced equation for the reaction.

b) Find how many moles of HCI were used ... then how many moles
of CaCO; reacted ... what mass of CaCO, ... and finally the per-
centage of CaCO3.

9. A mixture of gascs coming from a coke-producing plant contains
ammonia. The mixture is bubbled through dilute sulphuric acid to
remove the ammonia.

a) Write a balanced equation for the reaction which occurs.

b) What volume of ammonia (at 5.t.p.) could be removed by 50 dm?
of 1.50 mol dm? sulphuric acid?

©) What use could be made of the product?

0. Nitrosoamines can cause cancer at sufficiently high concentrations. In
1979, a brand of American beer was found to contain 6 p.p.b. (parts
per billion) of dimethylnitrosoamine. By 1981, the firm had reduced
the level to 0.2 p.p.b.

) What was the mass of dimethylnitrosoamine in one 250 cm® can of
beer in 1979 (1 billion = 107)
b) What fraction of the 1979 level was still present in 19812

1. If a person’s blood sugar level falls below 60mg per 100 em,insulin
shock can oceur. The density of blood is 1.2gem ™.

a) What is the percentage by mass of sugar in the blood at this level?
b) What is the molar concentration of sugar, CgH;;04, in the blood?
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12. A blood alcohol level of 150-200mg alcohol per 100 cm® of blood
produces intoxication. A blood alcohol level of 300-400mg per
100em® produces unconsciousness. At a blood alcohol level above
500 mg per 100 cm®, a person may die. What is the molar concentration
of alcohol (cthanol, C;HOH) at the lethal level?

. An experiment was done to find the percentage composition of an
alloy of sodium and lead. The alloy reacts with water:

Alloy + Water ——- Sodium + Hydrogen + Lead

@

hyd
2Na+Pb(s) + 2H,0() —» ZNnOH(aq) + Hag) + 2Pb(s)

3.00g of the alloy were added to about 100 cm? of water. When the
reaction was complete, the sodium hydroxide formed was titrated
against 1.00 mol dm"> hydrochloric acid. The volume of acid required
to neutralise the sodium hydroxide was 12.0 cm?. Calculate

a) the amount in moles of HCl used

b) the amount in moles of NaOH neutralised

©) the amount in moles of Na in 3.00g of the alloy

d) the mass in grams of Na in 3.00g of alloy

€) the percentage composition by mass.

secTion 2

. 0.500g of impure ammonium chloride is warmed with an excess of
sodium hydroxide solution. The ammonia liberated is absorbed in
25.0cm? of 0.200mol dm™3 sulphuric acid. The excess of sulphuric
acid requires 5.64 cm® of 0.200mol dm™> sodium hydroxide solution
for titration. Calculate the percentage of ammonium chloride in the
original sample.

2. A 1.00g sample of limestone is allowed to react with 100 cm? of
0200 metdm™> hgdmchlnﬂc acid. The excess acid required 24.8 cm®
of 0.100moldm™* sodium hydroxide solution. Calculate the percen-
tage of calcium carbonate in the limestone.

3. An impure sample of barium hydroxide of mass 1.6524 g was allowed
to react with 100cm’® of hydrochloric acid of concentration
0.200mol dm™3. When the excess of acid was titrated against sodium
hydroxide, 10.9em® of sodium hydroxide solution were required.
25.0em? of the sodium hydroxide required 28.5 cm? of the hydro-
chloric acid in a separate titration. Calculate the percentage purity of
the sample of barium hydroxide.

&

A houschold cleaner conmains ammonia. A 25.37g sample of the
cleaner is dissolved in water and made up to 250cm®. A 25.0cm’
portion of this solution requires 37.3 em of 0360 mol dm"? sulphuric
acid for neutralisation. What is the percentage by mass of ammonia in
the cleaner?
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5. A fertiliser contains ammonium sulphate and porassium sulphate. A
sample of 0.225g of fertiliser was warmed with sodium hydroxide
solution, The ammonia evolved required 15.7 cm® of 0.100mol dm™>
hydrochloric acid for neutralisation. Calculate the percentage of
ammonium sulphate in the sample.

°

Caleulate the number of carboxyl groups in the compound C,H,O5,
given that 0440 of it neutralised 37.5cm® of sodium hydroxide
of concentration 0.200 mol dm™>.

7. Sodium carbonate crystals (27.8230g) were dissolved in water and
made up to 1.00dm?. 25.0cm’ of the solution were neutraliscd by
48.8cm? of hydrochloric acid of concentration 0,100 mol dm™. Find
nin the formula Na;COnH,0.

OXIDATION-REDUCTION REACTIONS

Oxidation-reduction (or ‘redox’) reactions involve a transfer of
clectrons. The oxidising agent accepts clectrons, and the reducing
agent gives electrons. In working out the equation for  redox reaction,
a good method is to work out the ‘halfreaction equation’ for the
oxidising agent and the ‘half-reaction equation’ for the reducing agent,
and then add them together.

Examples of half-reaction equations
a) Tron(111) salts are reduced to iron(11) salts. The equation is
Fe¥* — Fe**
For the equation to balance, the charge on the righthand side (RHS)

must cqual the charge on the lefthand side (LHS). This can be
accomplished by inserting an clectron on the LHS:

Fe¥* + ¢ — Fel*
b) When chlorine acts as an oxidising agent, it is reduced to chloride
ions
c, — 2a°

To obwn a balanced half-reaction equation, 2¢~ must be inserted on
the LI

a, + 27— 2C1°
<) Sulphites can be oxidised to sulphates:
S0, — S0,
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To balance the equation with respect to mass, an extra oxygen atom is
needed on the LHS. If H,0 is introduced on the LHS to supply this
oxygen, the equation becomes

S0,*” + H,0 —» S0 + 2H*
To balance the equation with respect to charge, 2¢™ are needed on the
RHS:
SO + H0 — SO + 2H* + 2¢”
d) Potassium manganate(VII) is an oxidising agent. In acid solution,
itis reduced to a manganese(il) salt:
MnO,” + H' — Mn?

To balance the cquation with respect to mass, 8H* are needed to
combine with 4 oxygen atoms:

MnOy” + 8H* —— Mn® + 4H;0
To balance the equation with respect to charge, S¢™ are needed on the
LHS:

MnO,” + 8H* + S5¢” —= Mn® + 4H,0

It is a good idea to make a final check. Charge on LHS = —1+8—5
= +2. Charge on RHS = +2. The cquation is balanced.

¢ Poussun dichiomate(VI) is a oxidiing agent n acid soltion,
being reduced to a chromium(Il) sal

0 + HY — G
To balance the equation for mass, 14H"* are nceded:
Cr,0.+ + 14H* — 2C** + 7H;0

To balance the equation for charge, 6™ are needed on the LHS:

Cr,074" + 14H* + 6~ — 200" + TH,0
A final check shows that the charge on the LHS = —2 + 14— 6 = + 6.
Charge on RHS = 2(+3) = +6. The equation is balanced.
You may like to practise with the half-reaction equations on p. 85.

Using half-reaction equations to obtain the equation for a redox reaction

a) In the reaction between iodine and thiosulphate ions, the two half-
reaction equations are

I + 27— 21" 1
25,03 —» S$,087 + 2¢ (2]
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Adding [1] and (2] gives
I; + 2¢” + 25,0, — 21" + S,08 + 2¢”
Deleting the 2e” term from both sides of the equation gives
I, + 25,03 — 21" + 5,0
A check shows that the charges on the LHS and the RHS are both —4.

b) When potassium manganate(V1I) oxidises an iron(1) salt to an iron
(HI) salt, the equations for the half-reactions are

MnO,” + 8H* + 5S¢ —— Mn* + 4H,0 [3]
Fe?* —— Fe¥* + e “

One manganate(VII) ion needs 5 electrons, and one iron(il) ion gives
only one. Equation [4] must therefore be multiplied by S:

SFe? — SFc¥* + Se” 6]
Equations [3] and [5] can now be added to give
MnO,~ + 8H' + SFe?* — Mn* + 4H,0 + S5Fe>*

) When potassium manganate(VI1) oxidises sodium cthanedioate,
the cquation for the manganate(VII) half-reaction is [3] as in Example
2, and the equation for the reduction of ethanedioate is

G0 ——» 2C0, + 2¢” (61

d) One manganate(VI1) ion needs Se-, and one cthancdioate ion gives
2¢”. Multiplying equation [3] by 2 and equation [6] by 5 and adding
gives

2Mn0,” + 16H* + 5C,0," ——# 2Mn?* + 10CO; + 8H,0

) Porssium dichromate(V1) oxidises ron(ih sl 10 iron(l) sal.
‘The equations for the two half reaction:

Cr,0" + 14H' + 67— 2C* + TH0 (7]
Fe¥* — Fe¥* + e 8]
One dichromate ion will oxidise six iron(1I) ions:
Cr,0; + 14H* + 6Fe® —— 20r% + 6Fe** + 7H,0
You may like to try the problem on balancing equations on p. 85
before going on to tackle the numerical problems.

There is another method of balancing redox equations. It is explained
in the following section on oxidation numbers.
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Oxidation numbers

It is helpful to discuss oxidation-reduction reactions in terms of the
change in the oxidation mumber of cach reactant. In the reaction

Cu(s) + 10y(g) — Cu*0*(s)

copper is oxidised and oxygen is reduced. It is said that the oxidation
number of copper increases from zero to +2, and the oxidation
number of oxygen decreases from zero to —2. The following rules are
followed in assigning oxidation numbers:

a) The oxidation number of an uncombined element is zero.

b) In ionic compounds, the oxidation number of cach element is the
chzrge on |ls ion. In NaCl, the oxidation number of Na = + 1, and that
of =

©) The sum of the oxidation numbers of all the elements in a com-
pound is zero, In AICl,, the oxidation numbers are: Al = +3;Cl =—1,
so that the sum of the oxidation numbers is +3 + 3(—1) = 0.

d) The sum of the oxidation numbers of all the elements in an ion is
equal to the charge on the ion. In SO, the oxidation numbers arc
§'=+6.0= 2. The sum of the oxidation numbers for al he atoms
is +6 + 4(—2) = —2, the same as the charge of the SO ic

) In a covalent compound, one element must be given a positive
oxidation number and the other a negative oxidation number, such
that the sum of the oxidation numbers for all the atoms is zero. The
following elements always have the same oxidation numbers in all
their compounds. A knowledge of their oxidation numbers helps one
to assign oxidation numbers to the other elements combined with
them:

Na, K +1  H +1, except in metal hydrides

Mg Ca+2  F—1
Al +3 Q-1 exceptin compounds with O and F

0 —2, except in peroxides and compounds with
‘The oxidation number method

A consideration of the changes in oxidation numbers which occur
during a redox reaction helps you to decide which reactants have been
oxidised and which have been reduced. It can also be very helpful
when you need to balance the equation for the reaction. The following
two points cover what is involved when you use the oxidation number
method to balance the equation for a redox reaction:
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a) When an element is oxidised, its oxidation number increases; when
an element is reduced, its oxidation number decreases. If x atoms (or
fons) of an element A react with y atoms (or ions) of an clement B, i.c.

XA + yB —

then, if the oxidation number of A changes by a units, and the oxida-
tion number of B changes by b units, you can see that

=y
For example, in the reaction between tin(11) and iron(IlI) ions,
Sn**(aq) + 2Fc**(ag) — Sn*‘aq) + 2Fe*

For Sn, no. of ions = 1, change in ox. no. = 2, and product = 2
For Fe, no. of ions = 2, change in ox. no. = 1, and product = 2
b) Ina balanced equation
LHS sum of ox. nos. of elements = RHS sum of ox. nos. of elements
In the reaction

KIOjaq) + 2Na,SO(aq) — KIO(ag) + 2N2,50,(aq)
the elements K, Na and O keep the same oxidation states during the
reaction, while I and § change.
Ox.no.of 1inKIO, = +5; inKIO =
Ox.10.0f § inNaySO; = +4; in Na;SOs = +6
Sum of ox. nos.on LHS = (+5) + 2(+4) = +13
Sum of ox. nos. on RHS = (+1)+ 2(+6) = +13

When applying the oxidation mumber method o 3 reaction
between A and B, rememl

No.of atoms of B X Change

(No. of atoms of A X Ch:mge ]
in oxidation number of B

\in oxidation number of A

Sum of ox. nos.on LHS = Sum of ox. nos. on RHS

What is the oxidation number of germanium in GeCl,?

Chlorine is one of the elements with a constant oxidation number
of —1.

(Oxidation number of Ge) + 4(—1) =
Oxidation number of Ge = +4.

What is the oxidation number of manganese in Mn,0,?
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METHOD  Oxygen is one of the elements with a constant oxidation number of
-2,

2(Oxidation number of Mn) + 7(=2) =
Answer  Oxidation number of Mn = +7.

ExampLea What is the oxidation number of iron in Fe(CN)¢™?

meTHOD  Since the cyanide ion is CN7, it has an oxidation number of
(Oxidation number of Fe) + 6(—1) = —
answer  Oxidation number of Fe = +3.

exampLe 4 Use the oxidation number method to balance the equation
Mn0,(ag) + H'(ag) + Fe™*(aq) ——= Mn*(aq) + Fe*(aq) + H,0()
metHoo  Hydrogen and oxygen have the same oxidation numbers on both sides
of the equation; only manganese and iron n:ed be consi
In MnO,", the oxidation number of Mn =
In Mn?*, the oxidation number of Mn =
Thus, manganese decreases its oxidation numbcr by 5 units, and iron
‘must increase its oxidation number by 5 units.
From Fe?* to Fe* is an increase of 1 unit; therefore the equation
needs SFe* ——a 5Fc™. This makes the cquation
MnO,(ag) + H'(ag) + SFc™(aq) ——> Mn**(aq) + 5Fc*(aq) + H,0()
To combine with 4 oxygeratoms, 8H* are needed:
MnOy(aq) + 8H*(aq) + 5Fc™(aq) —— Mn™(aq) + 5Fe¥(ag) + 4H,0(1)

EXERCISE 17 Problems on Oxidation Numbers

1. What is the oxidation number of the named element in the following

compounds?
) Bain Badl, b) FeinFe(CN)~ ¢ Clindl,
d) Liin Li,0 e) FeinFe(CN)¢~ f) ClinClO™
2 PinP,0; h) Brin BrO,” i) ClinCloy”
J) Cin CCly k) Tinly ) dinQ,0,
m) CinCO n) linl- 0) QlinCl,0,
p) CrinCroO, Q) 1in10,” 1) OinH,0,
s) CrinCrO;”  ©) NinNO, u) HinLiH
v) CrinCr04"  w) NinN,Oy x) HinHBr

y) SinSO z) PinPOS"
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2. a) Calculate the oxidation numbers of tin and lead on each side of the
equation
PbOs(s) + 4H'(aq) + Sn**(aq) —— Pb*(aq) + Sn*'(ag) + 2H,00)
and state which clement has been oxidised and which has been
reduced.
b) In the redox reaction
2Mn™ (aq) + 5Bi0; (aq) + 14H"(aq) ——#> 2MnO,"(ag) + 5Bi*(aq) + 7TH,0()
calculate the oxidation numbers of all the elements, and state
which have been oxidised and which have been reduced.
¢) Calculate the oxidation numbers of arsenic and manganese in each
of the species in the reaction:
5A5;04(s) + 4MnO4(aq) +12H"(aq) ——8> 5As;04(s) + 4Mn>*(aq) + 6H,0(1)
State which element has been oxidised and which has been reduced.

©

In cach of th following cquations, one clement is underined. Cal
culate its oxidation number in cach species, and state whether an
oxidation or a reduction has occurred.

a) 2Fy(g) + 20H (ag) — F;0() + 2F-(ag) + H,00)
b) 3Cl(@) + 60H (ag) — Cl0,"(aq) + 5Q(ag) + 3H,0(1)
©) NHNO,™(s) — N;O( + 2H,00)

d) Cr;0."(aq) + 14H*(aq) + 6~ —— = 2Cr¥*(ag) + 7H,0()
€) 0,27 (ag) —» 2C0,(g) + 2e”

&

a) Only N and I alter in oxidation number in the reaction

N,H¢O(aq) + 10;37(aq) + 2H"(ag) + Cl(ag) ——= Ny(g) + ICQ(aq) + 411;0(1)
Calculate the oxidation number of N in NHO.

b) In the reaction below, only S and Br change in oxidation number.

NayHy5:04aq) + 4Braag) ——— = 2H;S04aq) + 2NaBr(aq) + 6HBr(ag)
Calculate the oxidation number of S in Na;H;oS;05.

L

Use the oxidation number method to balance the equations

a) 10,7(aq) + I7(aq) + H'(aq) —— Iyaq) + 4H,0()
b) BrO;"(ag) + I"(aq) + H*(ag) —— Br(aq) + L(aq) + H,0(1)
©) V*ag) + H,0,ag) — VO™(aq) + H*(ag)

d) S04(g) + H,0() + Bry(ag) —— H*(aq) + SO,*~(aq) + Br~(aq)
©) NHyg + O)g) — Ny + H0(

f) NHy(g) + 0y — N,O® + H;0(g)

9 NHyg) + O(g) — NO@@ + H,0(p)

h) Fe**C,0,%(ag)+Ce*(aq) — COx(g)+ Ce**(ag) +Fe>*(ag)
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6. When potassium dichromate solution reacts with acidified potassium
jodide solution, titration shows that 1 mole of potassium dichromate
produces 3moles of iodine. Use the oxidation number method to
complete and balance the equation

Cr077°(ag) + 17(ag) + H'(ag) — 3ly(aq)

POTASSIUM MANGANATE(VII) TITRATIONS

When potassium manganate(VII) acts as an oxidising agent in acid
solution, it is reduced to a manganese(1l) salt:

MnO,™(aq) + 8H'aq) + 5e” — Mn?*(aq) + 4H,0()

Potassium manganate(VII) is not sufficiently pure to be used as
2rd, and solutions of the oxidant are stndardised by
titration against a primary standard such as sodium ethanedioate. This
reductant can be obtained in a high state of purity as crys
formula Na,C;0,+2H,0, which are neither deliquescent nor efflores-
cent, and can be weighed out exactly to make a standard solution.

Once it has been standardised, a solution of potassium manganate(VII)
can be used to estimate reducing agents such as iron(ll) salts. No
indicator is needed as the oxidant changes from purple to colourless
at the end point.

EXAMPLE 1 Standardising potassium manganate(VI1) against tbe primary standard,

METHOD

sodium etbanedioate

A 25.0cm? portion of sodium ethanedioate solution of concentration
0.200 mol dm"3 is warmed and titrated against a solution of potassium
manganate(VII). If 17.2cm® of potassium manganate(VII) are
required, what is its concentration?

LetM = concentration of the manganate(VII) solution.

Amount (mol) of ethanedioate = 25.0 X 107X 0.200mol

Amount (mol) of manganate(VII) = 17.2 X 1073 X M mol

‘The equations for the half-reactions are

MnO,~(aq) + 8H*(aq) + 5S¢~ ——= Mn®(ag) + 4H;00) [1]
C047@aq) — 2C0,(g) + 2¢ 12

Multiplying (1] by 2 and (2] by 5, and adding the two cquations

gives

2MnO4 (aq)+ 16H(aq) +5C,04 (aq) ———= 2Mn™(aq)+ 8H,0() +10C0,(g)
No. of moles of MnO,~ = 2 X No. of moles of C,04*".
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17.2X107 XM = §X25.0X 107X 0.200

M= = 0116 mo, Jm™?

The potassium manganate(VII) solution has a concentration of
0.116 mol dm™3.

Oxidising iron(Il) compounds

Ammonium _iron(Il) sulphate crystals have the following formula:
(NH,);50,-FeSO,-nH,0. In an experiment to determine 7, 8.492g
of the salt were dissolved and made up to 250 cm? of solution with
distilled water and dilute sulphuric acid. A 25.0 cm® portion of the
solution was further acidified and titrated against potassium
mmgmte(vm solution of concentration 0.0150 mol dm~>. A volume
of 22.5 em® was required.

‘The equations for the two half-reactions are
MnO,(aq) + 8H*(aq) + 5S¢~ — Mn*(ag) + 4H,0(0) [1]
Fet*(aq) ——» Fe¥*ag) + o (2]
Multiplying [2] by 5 and then adding it to 1] gives
MnO,"(aq) + 8H'(aq) + SFe™(ag) ——= Mn™(aq) + 5Fe™(ag) + 4H,00)
Amount (mol) of manganate(VII) = 22.5X 107X 0.0150
= 0.338x 10 > mol
No. of moles of iron(Il) = 5 X No. of moles of manganate(V11)
= 5X0338X107 = 1.69 X 10~ mol
Concn of iron(Il) = m—ig,i = 0.0674mol dm™
Mass in 1dm?® of solution
Molar mass
_ 4X8492
Molar mass
4X8.492
Molar mass
Molar mass = 503.9gmol™!
Molar mass of (NH,),S0,°FeSO,'nH,0 = 284 + 181 = 504 gmol™*
=12

Conen of (NH,);50,-FeS0,nH,0 =

0.0674 =

‘The formula of the crystals is (NH,),S0,° 12H,0
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EXAMPLE 3

ANSWER

EXAMPLE 4

Oxidising bydrogen peroxide

A solution of hydrogen peroxide was diluted 20.0 times. A 25.0 cm?
portion of the diluted solution was acidified and titrated against
0.0150moldm™> potassium manganate(VID) solution. 45.7cm® of
the oxidant were required. Calculate the concentration of the
hydrogen peroxide solution a) in moldm™® and b) the ‘volume
concentration”. (This means the number of volumes of oxygen
obtained from one volume of the solution.)
‘The equations for the half-reactions are
MnO,"(aq) + 8H'(aq) + 5 —= Mn?"(agq) + 4H,00)  [1)

H,0;(aq) — 0,(g) + 2H'Gag) + 2¢ 2]

Multiplying [1] by 2 and [2] by 5, and adding the two equations
gives

2Mn0,(aq) + 6H"(aq) + 5H;05(aq) —— 2Mn™(aq) + 8H,0() + 504(g)
Amount (mol) of MnO4"(ag) = 45.7 X 1072 X 0.0150

= 0.685 X 10> mol
$ X No. of moles of MnO,~
= §X0.685X 107 = 1.71 X 10"*mol
Conen of H;0; = (171X 107)/(25.0X 10™%) = 0.0684 moldm™3
Concn of original solution = 20.0X 0.0684 = 1.37 mol dm™,
When hydrogen peroxide decomposes,

2H,05(aq) — 2H,0() + O,(g)

2moles of hydrogen peroxide form 1mole of oxygen. Therefore a
solution of hydrogen peroxide of concentration 2 moldm™ is a 22.4
volume solution (the volume of 1 mole of oxygen).

No. of moles of H,0,

A solution of H,0; of concentration 1.37 moldm™3is a
22.4X1.37/2 = 154 volume solution.

The concentration of hydrogen peroxide is: a) 1.37moldm3, and
b) 15.4 volume.

Finding the percentage of iron in ammonium iron(l1l) sulpbate
Iron(I1I) ions can be estimated by first reducing them to iron(1l) ions,
and then, after destroying the excess of reducing agent, oxidising them
to iron(111) ions with a standard solution of potassium manganate(V11).

and sulphuric acid are used as the reducing agent. Note
that hydrochloric acid cannot be used, and the reducing agent tin(11)
chloride cannot be used as potassium manganate(VII) oxidises chloride
ions to chlorine.
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7.418g of ammonium iron(I1l) sulphate are dissolved and made up to
250 cm* after the addition of dilute sulphuric acid, 25.0cm® of the
solution are pipetted into a bottle containing zinc amalgam, and
shaken until a drop of the solution gAves 1o colour when tested with
2 solution of a thiocyanate (which tums deep red in the presence of
iron(111) ions). The aqueous solution is then scparated by decantation
from the zinc amalgam. On addition of more dilute sulphuric acid and
titration against standard potassium manganate(VII) solution, 18.7 cm?
of 0.0165 mol dm™? solution are required. Calculate the percentage of
iron in ammonium iron(111) sulphate.

METHOD ::mv::x'::::‘::) of manganate(VID) _ o 10-3% 0.0165
= 0.0309 X 10~*mol
From the equation
MnO, (aq) + BH'(aq) + 5Fe™(aq) ——= Mn*(aq) + SFe™(ag) + 4H,0()
Amount (mol) of Fe**(aq) in 25.0cm’ = 5X 0309 X 1072
= 1.55X 1073 mol
Amount (mol) of Fe?*(aq) in whole solution = 1.55 X 10"mol
Mass of iron in sample = Amount (mol) X Relative atomic mass
= 1.55X1072X 5.8 = 0.865¢
0.865

Percentage of iron = ——— X100 = 11.7%.
answer  Percentage of iron = -7r

POTASSIUM DICHROMATE(VI) TITRATIONS

Potassium dichromate(VI) can be obtained in a high state of purity,
and its aqueous solutions are stable. It is used as a primary standard.
The colour change when chromium(V1) changes to chromium(Ill)
in the reaction

Cr;0-7(ag) + 14H*@aq) + 6e” — 2Cr’*(aq) + 7H,00)
is from orange to green. As it is not possible to see a sharp change in
colour, an indicator is used. Barium N-phenylphenylamine-4-
sulphonate gives a sharp colour change, from bluegreen to violet,
when a slight excess of potassium dichromate has been added.
Phosphoric(V) acid must be present to form a complex with the Fe?*
ions formed during the oxidation reaction; otherwise Fe** jons affect
the colour change of the indicator.

Since dichromate(V1) has a slightly lower redox potential than
manganate(VID), it can be used in the presence of chloride ions,
without oxidising them to chlorine.
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EXAMPLE

METHOD

ANSWER

thermmnnan of the percentage of iron in iron wire
A piece of iron wire of mass 2.225g was put into a conical flask
containing dilute sulphuric acid. The flask was fitted with a bung
carrying a Bunsen valve, to allow the hydrogen gencrated to escape
but prevent air from entering. The mixture was warmed to speed up
reaction. When all the iron had reacted, the solution was cooled to
room temperature and made up to 250:m’m a graduated flask. With
ese precautions, iron is converted to Fe?* ions only, and no Fe?*
ions are formed. 25.0 cm? of the solution were acidified and titrated
against a 0.0185 mol dm™? solution of potassium dichromate(V1). The
volume required was 31.0cm?. Calculate the percentage of iron in the
iron wire.

Amount (mol) of Cr,0,"(ag) used = 31.0X 107X 0.0185

= 0.574 X 10"*mol
‘The equations for the two half-reactions are
Cr,0.*"(aq) + 14H*(aq) + 6e~ ——= 2Cr**(aq) + 7H,0() [1]

Fe**(aq) — Fe'*(ag) + ¢ [2]

Multiplying [2] by 6 and adding gives
Cri0747(aq) + 14H'(aq) + 6Fe*(aq) —— > 2Cr™(ag) + 6Fe™ (aq) + 7H;0(1)
Amount (mol) of Fe?* in 25.0em? = 6X0.574 X 1073

= 3.45x 107> mol
Amount (mol) of Fe? in the whole solution = 3.45 X 10™mol
Mass of Fe in the whole solution = 345X 1072X55.8 = 1.93¢g

- 1.93

Percentage of Fein wire = -555X 100 = 86.7%

‘The wire is 86.7% iron.

SODIUM THIOSULPHATE TITRATIONS

Sodium thiosulphate reduces iodine to iodide ions, and forms sodium
tetrathionate, Na,$,05:
25,04%°(aq) + liag) —= 217(aq) + $,04>"(aq)

Sodium thiosulphate, Na,$;0,* SH,0, is not used as a primary standard
as the water content of the crystals is variable. A solution of sodium
thiosulphate can be standardised against a solution of iodine, or a
solution of potassium iodate(V) or potassium dichromate or potassium
‘manganate(VII).
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S'!andardxsatwn of a sodium thiosulphate solution, using iodine

e has a limited solubility in water. It dissolves in a solution of
pot:sslum fodide because it forms the very soluble complex on, 1™,

L) + 1"eQ == 1, g
An_equilibrium is set up between iodine and tridodide ions, and if
iodine molecules are removed from solution by a reaction, tri-odide
fons dissociate to form more iodine molecules. A solution of iodine
in potassium iodide can thus be titrated as though it were a solution
of iodine in water.
When sufficient of 2 solution of thiosulphate is added to a solution of
iodine, the colour of iodine fades to a pale yellow. Then 2cm? of
starch solution are added to give a blue colour with the iodine.
Addition of thiosulphate is continued drop by drop, until the bluc
colour disappears.
2.835 of iodine and 6g of potassium iodide are dissolved in distilled
water and made up to 250cm®. A 25.0cm? portion titrated against
sodium  thiosulphate solution required 17.7cm? of the solution.
Calculate the concentration of the thiosulphate solution.
Molar mass of iodine = 2X 127 = 254gmol™"
Concn of iodine solution = 2.835 X 4/254 = 0.0446 mol dm™
Amount (mol) of I;in 25.0em?® = 25.0X 107X 0.0446
= 1.115 X 10" mol
From the equation
25,0°(aq) + Laq) — 20°(aq) + S,0,(aq)
No. of moles of ‘thio’ = 2 X No. of moles of I,
Amount (mol) of ‘thio’ in volume used = 2.23 X 10~ mol
223%107

Conen of ‘thio’ = ————— = 0.126moldm™
17.7 X 10

‘The concentration of the thiosulphate solution is 0.126 moldm™.

Standardisation of thiosulpbate against potassium iodate (V)

otassium iodate(V) is a primary standard. It reacts with iodide ions
in the presence of acid to form iodine:

10,7(aq) + 517(ag) + 6H'(aq) — 3laq) + 3H,00)
A standard solution of fodine can be prepared by weighing out the

ecessary quantity of potassium iodate(V) and making up to a known

Volume of solutian, When a portion of this solution s added to an
excess of potassium iodide in acid solution, a calculated amount
of iodine is liberated.
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METHOD

ANSWER

EXAMPLE 3

METHOD

1.015 g of potassium iodate(V) are dissolved and made up to 250 cm’.
To a 25.0cm® portion are added an excess of potassium iodide and
dilute sulphuric acid. The solution is titrated with a solution of
sodium thiosulphate, starch solution being added near the end-point.
29.8em? of thiosulphate solution are required. Calculate the concen-
tration of the thiosulphate solution.

Molar mass of KIO; = 39.1+ 127 + (3X 16.0) = 214gmol™!
Concen of KIO, solution = 1.015 X 4/214 = 0.0189 moldm™3
Amount (mol) of KIO;in 25cm® = 25.0 X 1072 X 0.0189

= 0473 X 10" mol

Since
10,"(aq) + 517(aq) + 6H'(aq) — 3ly(ag) + 3H,0()
and 25,0:7(aq) + laq) —= 217(ag) + $,0,*"(aq)

No. of moles of ‘thio’ = 6 X No. of moles of 10,”

= 6X0473X 107 = 2.84X 10 mol
Concn of ‘thio’ = (2.84X 107%)/(29.8 X 107) = 0.0950 mol dm™>
The sodi i ion hasa ion 0.0950 mol dm™2,

Standardisation of thiosulpbate solution with potassium
dichromate(V1)
A stndard solution is made by dissolving 1.015g of potassium
dichromate(V1) and making up to 250cm’. A 25.0cm? portion is
added to an excess of potassium iodide and dilute sulphuric acid, and
the iodine liberated is titrated with sodium thiosulphate solution.
19.2cm? of this solution are needed. Find the concentration of the
thiosulphate solution.
Molar mass of K;Cr,0, = 294gmol™!
Conen of dichromate solution = 1.015 X 4/294 = 0.0138mol dm™>
Amount (mol) of dichromate in 25 cm?® = 25.0X1073X0.138 mol
= 0.345X 10" mol

‘The equations for the half-reactions are
Cri077(aq) + 14H*(ag) + 6e” ——= 2Cr¥*(ag) + 7H,00) [1]

207(aq) — Ij(aq) + 2¢ (21
Multiplying [2] by 3, and adding to [1] gives the equation
Cr;0,2~(ag)+14H*(ag)+ 61 (aq) ——~ 2Cr**(ag)+7H;0(1)+315(aq)
No. of moles of I, = 3 X No. of moles of Cr;0,2
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3X0.345X107
= 1.035 X 10 mol
No. of moles of ‘thio’ = 2 X No. of moles of 1, (see Example 1)
Amount (mol) of ‘thio” in volume used = 2.07 X 10~ mol
Conen. of ‘thio’ = (2.07 X 107%)/(19.2X 107%) = 0.108 mol dm~?

Amount (mol) of I, in 25 cm’

The concentration of the thiosulphate solution is 0.108 mol dm™3.

Estimation of chlorine
Chlorine displaces iodine from iodides. The iodine formed can be
determined by titration with a standard thiosulphate solution.
Chlorate(I) solutions are often used as a source of chlorine as they
liberate chlorine readily on reaction with acid:

ClO(aq) + 2H%*aq) + Cl™(aq) —# Clyaq) + H,0()

‘The amount of chlorine available in a domestic bleach which contains
sodium chlorate(1) can be found by allowing the bleach to react with
an iodide solution to form iodine, and then titrating with thiosulphate
solution:
ClO~(aq) + 2H*(aq) + 21"(aq) — Iy(aq) + Cl"(aq) + HO()
A domestic bleach in solution is diluted by pipetting 10.0cm? and
making this volume up to 250 cm?. A 25.0 cm? portion of the solution
is added to an excess of potassium iodide and ethanoic acid and
titrated againstsodium thiosulphate solution of concentration
0.0950mol dm?, using starch as an indicator. The volume required
is 21.3cm’. Calculate the percentage of available chlorine in the
bleach.

Amount (mol) of ‘thio’ = 21.3 X 107X 0.0950 = 2.03 X 10~ mol
Since 25,0,°"(aq) + Iaq) — S,047(ag) + 217(aq)
Amount (mol) of I, = 1.015 mol

Since iodine is produced in the reaction

ClO~(aq) + 217(aq) + 2H*(aq) —= I,(aq) + ClI™(aq) + H,0()
1.015 X 10™*mol

Amount (mol) of CIO" in 25 cm® of solution
Since chlorate(l) liberates chlorine in the reaction
Clo~(aq) + 2H'@aq) + Cl"(ag) —= Clyaq) + H0()
No. of moles of Cl; = No. of moles of chlorate(l)
= 1.015 X 10~ mol
Mass of chlorine = 71.0X 1.015 X 1073 = 0.0720g
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4. How many moles of the following reductants will be nxldls:d by
3.0X 10~3mol of potassium manganate(VII) in acid solution;
a) Fe* b)) Sn?* 0 (CO); A H0, ) r
5. How many moles of the following will be oxidised by 1.0 X 10™*mol
of potassium dichromate(V1)?
a) Fe*  b) SO o Brm ) (COy),  ©) Hg™?
6. How many moles of the following wil be reduced by 2.0 X 10~ moles
of Sn?*?
a) Fe(CN)¢>™ b) Cly c) Mn** (to Mn?*)
d) Ce* (to Ce?) ©) BrO;” (to Br™)?
7. What volumes of the following solutions will be oxidised by 25.0 cm®
of 0.0200 mol dm ™3 potassium manganate(V11) in acid solution?
2) 0.0200mol dm™? tin(Il) nitrate
b) 0.0100 mol dm~? iron(II) sulphate
© 0250moldm ™2 hydrogen peroxide
d) 0.200mol dm 3 chromium(Il) nitrate
€) 0.150 mol dm™> sodium ethanedioate
8. What volumes of the following solutions will be oxidised by 20.0 cm®
of 0.0150 mol dm ™ potassium dichromate(V1) in acid solution?
a) 0.0200mol dm~3 tin(II) chloride
b) 0.150 mol dm 2 iron(I) chloride
©) 0.125 mol dm™* sodium cthancdioate
0.300mol dm~ sodium sulphite
€) OlODmaldm 2 mercury(1) nitrate, Hg:(No,),
9. 25.0cm® of a sodium sulphite solution require 45.0 cm® of 0.0200
mol dm™? potassium manganate(V1I) solution for oxidation. What is
the concentration of the sodium sulphite solution?

35.0 cm? of porassium manganate(V11) solution are required to onidise
2 02145 g sample of ethanedioic acid-2-water, H,C;0,2H;0.

is the concentration of the potassium manganate(VII) solution?

. 37.5em? of cerium(1V) sulphate solution are required to titrate a
0.2245 g sample of sodium ethanedioate, Na,C;0,. What is the concen-
tration of the cerium(IV) sulphate solution?

B

A piece of iron wire weighs 0.2756g. It is dissolved in acid, reduced
to the Fe** state, and titrated with 40.8cm® of 0.0200moldm™
potassium dichromate solution. What is the percentage purity of the
iron wire?

A piece of limestone weighing 0.1965 g was allowed to react with an
excess of hydrochloric acid. The calcium in it was precipitated as
calcium ethanedioate. The precipitate was dissolved in sulphuric acid,
and the ethanedioate in the solution needed 35.6cm? of a 0.0200
moldm™? solution of potassium manganate(VIl) for titration. Cal-
culate the percentage of CaCO, in the limestone.

@
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. A solution of potassium dichromate is standardised by titration with

sodium ethanedioate solution. If 47.0cm? of the dichromate solution
were needed to oxidise 25.0cm? of ethanedioate solution of concen-
tration 0.0925 moldm™, what is the concentration of the potassium
dichromate solution?

2.4680¢ of sodium ethanedioate are dissolved in water and made up
to 250cm? of solution. When a 25.0cm? portion of the solution is
titrated against cerium(1V) sulphate, 35.7cm? of the cerium(IV)
sulphate solution are required. What s its concentration?

. A 25.0cm® portion of a solution containing Fe®* ions and Fe™ ions

was acidified and titrated against potassium manganate(V11) solution.
15.0 cm” of a 0.0200 mol dm ™ solution of potassium manganate(V11)
were required. A second 25.0 cm® portion was reduced with zinc and
titrated against the same manganate(VII) solution. 19.0 cm?® of the
oxidant solution were required. Calculate the concentrations of
a) Fe**, and b) Fe™* in the solution.

. a) What volume of acidified potassium manganate(VI1) of concentra-

tion 00200moldm-> is decolourised by 100em” of hydrogen
peroxide of concentration 0.0100 mol dm "
b) What volume of oxygen is evolved at s.tp.?

A 0.6125 g sample of potassium iodate(V), KIO,, is dissolved in water
and made up to 250 cm®. A 25.0 cm® portion of the solution is added
10 an excess of potassium iodide in acid solution. The iodine formed
requires 22.5 cm? of sodium thiosulphate solution for titration. What
is the concentration of the thiosulphate solution?

. 25.0cm? of a solution of X;0; of concentration 0,100 mol dm ™ is

reduced by sulphur dioxide to a lower oxidation state. To reoxidise
X to its original oxidation number required 50.0cm?® of 0.0200 mol
dm™ potassium manganate(V1l) solution. To what oxidation number
was X reduced by sulphur dioxide?

. Manganese(Il) sulphate is oxidised to manganese(IV) oxide by

potassium manganate(V1I) in acid solution. A flocculantis added to
settle the solid MnO; so that it does not obscure the colour of the
manganate(VI1). If 25.0cm® of man 1gan:s:(n) sulphate solution
require 22.5cm® of 0.0200moldm™ potassium manganate(VII)
solution, what is the concentration of MnSO,?

. A solution of hydroxylamine hydrochloride contains 0.1240g of

NH,OH-HCI. On’ boiling, it is oxidised by an excess of acidified
iron(ll) sulphate, The fron st formed is dtrated sgaimst potassium
manganate(VIl) solution of concenmation 0.0160moldm”%. A
volume of 44.6 cm? of the oxidant is required.

a) Find the ratio of moles NH,OH: moles Fe*.

b) State the change in oxidation number of Fe.

¢) State the oxidation number of N in NH,0H.



88

Calculations for A-evel Chemistry

d) Deduce the oxidation number of N in the product of the reaction.

¢) Decide what compound of nitrogen in this oxidation state is likely
to be formed in the reaction.

f) Write the equation for the reaction.

22. A piece of impure copper was allowed to react with dilute nitric acid.
‘The copper(]) nitrate solution formed liberated iodine from an cxcess
of potassium iodide solution. The iodine was estimated by titration
with a solution of sodium thiosulphate. If a 0.877 g samplc of copper
was used, and the volume required was 23.7 cm? of 0.480mol dm™3
thiosulphate solution, what is the percentage of copper in the sample?

2. A houschold bleach contains sodium chlorate(l), NaOCI. The
chlorate(1) ion will react with potassium iodide to give iodine, which
be estimated with a standard thiosulphate solution.

a) Write the equations for the reaction of CI0” and I- to give 1 and
for the reaction of iodine and thiosulphate ions.

b) A 25.0cm? sample of household bleach is diluted to 250 cm?. A
25.0 em? portion of the solution is added to an excess of potassium
iodide solution and titrated against 0.200 mol dm~? sodium thio-
sulphate solution. The volume required is 18.5 cm?. What is the
concentration of sodium chlorate(I) in the bleach?

COMPLEXOMETRIC TITRATIONS

‘The complexes formed by a number of metal ions with
bis [bis(carboxymethyDamino] ethane,
(HO.CCH,),NCH;CH;N(CH,COH),,
which is usually referred to as edta (short for its old name) are very
stable, and can be used for the estimation of metal ions by titration.
The end-point in the titration is shown by an indicator which forms
a coloured complex with the metal on being titrated. If Eriochrome
Black T is used as indicator, the metal-indicator colour of red is seen
at the beginning of the titration. As the titrant is added, the metal
fons are removed from the indicator and complex with edta. At the
end-point, the colour of the free indicator, blue, is seen:

Metal-indicator (red) + edta ——= Metal-edta + Indicator (blue)

exampLe  Determination of the bardness of tap water
Hardn

ess in water is caused by the presence of calcium ions and
magnesium ions. Both these ions complex strongly with edta. The
amounts of temporary. hardnss and permanent hardness can be
scparately by titrations on
tap water and boiled up water. 100cm? of tap water are measured
into a flask. An alkaline buffer and Eriochrome Black T are added,
and the solution is titrated against 0.100 mol dm ™ edta solution. The
volume required is 2.10cm?.
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A second 100 cm® of tap water are measured into a 250 cm? beaker,
and boiled for 30 minutes. After cooling, the water is filtered into a
100 cm? graduated flask, and made up to the mark by the addition of
distilled water. On titration as before, the volume of edta needed is
1.25cm?. Calculate the concentration of calcium and magnesium
present as permanent hardness and the concentration of calcium and
magnesium present as temporary hardness.
Total hardness requires 2.10cm’ of 0.100 mol dm ™ edta
Permanent hardness requires 1.5 cm® of 0.100mol dm > edta
Temporary hardness requires  0.85 cm® of 0.100 mol dm ™ edta
Amount (mol) of metal as permanent hardness

= 125X 107X 0.100mol

= 0.125 X 10~>mol in 100 cm? water

= 1.25X 107 moldm™
Amount (mol) of metal as temporary hardness

= 0.85X 107X 0.100 mol

= 0.085 X 10> mol in 100 cm? water

= 0.85X 107 mol dm™>
‘The concentration of calcium and magnesium present as temporary
hardness is 8.5 X 10~*mol dm™; the concentration of calcium and
magnesium present as permanent hardness is 1.25 X 10~3mol dm™>.

EXERCISE 19 Problems on Complexometric Titrations

1. Calculate the concentration of a solution of zinc sulphate from the
following data. 25.0cm® of the solution, when added to an alkaline
buffer and Friochrome Black T indicator, required 22.3 cm® of a
1.05 X 10~2mol dm™> solution of edta for titration. The equation for
the reaction can be represented as

Zn™(aq) + edta®"(aq) —= Znedta?"(aq)

2. To a 50.0cm?® sample of tap water were added a buffer and a few
drops of Eriochrome Black T. On titration against a 0.0100 mol dm™>
solution_of edta, the indicator turned blue after the addition of
9.80cm? of the titrant. Calculate the hardness of water in parts per
million of calcium, assuming that the hardness is entirely due to the
presence of calcium salts. (1p.p.m. = 1gin 10°g water.)

A 02500¢ sample of a mixture of magnesium oxide and calcium
oxide was dissolved in dilute nitric acid and made up to 1.00dm? of
solution with distilled water. A 50.0cm? portion was buffered and,
after addition of indicator, was titrated against 0.0100 mol dm™ edta
solution. 25.8 cm? of the titrant were required. Find the percentage by
mass of calcium oxide and magnesium oxide in the mixture.
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5. A solution contains sodium chloride and hydrochloric acid. A

25.0cm? aliquot required 38.2 cm? of a 0.0325 mol dm™ solution of
silver nitrate for m'muon A second 25.0 cm? aliquot required 7.2 cm®
of 20.0550 mol dm* solution of sodium hydroxide for neutralisation.
Calculate the concentrations of a) sodium chloride, and b) hydro-
chloric acid in the solution.

Find the percentage by mass of silver in an alloy from the following
information. A sample of 1.245 g of the alloy was dissolved in dilute
nitric acid and made up to 250cm®. A 25.0cm? portion required
29.8em® of a 0.0214moldm™> solution of potassium thiocyanate
for titration.

EXERCISE 21 Questions from A-Level Papers

1.

~

Ammonia i produced from its elements on a large scale using the
Haber proces
) Writean zqnauun for the formation of ammonia from its elements.
b) The formation of ammonia is an exothermic reaction. In choosing
the_conditions under which the reaction is to be performed,
decisions as to pressure and temperature must be made on economic
grounds. State the arguments which influence such decisions.
i) Argument in favour of using a high pressure
Argument against using a high pressure
iii) Argument in favour of using a high temperature
iv) Argument against using a high temperature.
For reasons of environmental safety the concentration of ammonia
in the air downwind of an ammonia production plant was measured
by the following procedure.
A 20000 litre (measured at s.tp.) sample of the air was slowly
bubbled through an excess of dilute hydrochloric acid. The result-
ing solution was made alkaline and heated, the ammonia liberated
being dissolved in exactdy 50cm® of 0.1M hydrochloric acid,
which is a large excess. 40.00cm? of 0.1M sodium hydroxide
solution were required to neutralise the excess of acid.
Caleulate the concentration of ammonia in the air in units of moles
of ammonia per litre of air. (JMB91)

“Nitrochalk’ is a widely used fertiliser which contains a mixture of
ammonium nitrate and calcium carbonate.

A student attempted to determine the percentage by mass of nitrogen
in Nitrochalk by the following titrimetric procedure.

2.00g of Nitrochalk was heated with 25.0cm® of 2.00 moldm™
sodium hydroxide (that is, excess alkali) until no more ammonia gas
was evolved. The mixture was filtered to remove the calcium carbon-
ate. The filtrate was then made up to 250 cm”® by adding distilled
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water and 25.0cm’ portions were titrated against 0.100 moldm™
hydrochloric acid. It was found that 30.0em® of acid was required
1o neutralise the NaOH left over.

2) Describe briefly a chemical test to show that Nitrochalk contains
calcium carbonate.
) Explain why it is desirable to add the calcium carbonate to the
ammonium nitrate.
©) The equation for ium ni ing with sodium hydroxide
is

<

NH,NO, + NaOH —= NH, + H;0 + NaNO,

Construct the ionic equation for this reaction and give state
symbols.

d) Give two reasons why excess sodium hydroxide is used.

€) How might the student test to find out when no more ammonia
was evolved?

£) How would you determine the end-point of the titration in the
experiment?

g From the data given, calculate the number of moles of ammonium
nitrate present in the original sample of fertiliser.

h) Hence calculate:
i) the percentage by mass of nitrogen in the fertiliser
ii) the percentage by mass of calcium carbonate in Nitrochalk.

(090,A8)

. a) Describe what you would expect to observe on the gradual addition
of excess dilute sodium hydroxide to separate diluce (approxi-
mately 0.1 mol dm™) solutions cach containing one of the follow-
ing cations:
Mg¥, Ba’*, Pb¥, Cr¥*, Fe*', Fe™* and Cu?

Give formulie and equations, as appropriate, for zhe reactions
which oceur.
In acidified aqueous solution iron(lI) ions, Fe**, are oxidised at
room temperature by manganate(VII) jons, MnOj. Above 60°C
ethanedioate ions, C,0%", are also oxidised by manganate(VIl)
ions.
Write appropriate ion/electron half equations for:

i) the reduction of the oxidising agent, MnO
the oxidation of the reducing agent, Fe*
iii) the oxidation of the reducing agent, C,03"
By combining (i), (ii) and (iii) write a balanced equation for the redox
reaction which occurs between MnO3 and iron(ll) ethanedioate,
FeC;04 (Fe** and €03 ions in acid solution) above 60°C in acid
solution. Use this equation to calculate the volume of a mangan-
ate(VID) solution of concentration 0.0200 moldm™, required for

4
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complete reaction with 0.2000g of iron(1l) ethanedioate under
the above conditions.

A(C) = 12,01, A(Fe) = 55.85, A,(0) = 16.00) (WJEC90)

4. a) Write down the oxidation state of iodine in the 103 anion.

b) Write down the two ion/electron half equations for the reaction
f the 105 anion with iodide ion (I7) in acidic solution. Hence
write down the stoichiometric equation for the overall reaction.
An unknown mass of KIO; was treated in aqueous solution with
excess of iodide fon and acidified. The resulting solution, on titra-
tion against 0.2000moldm™ sodium thiosulphate 'solution,
required 53.70cm? thereof for complete reaction. Find the mass
of KIO; used.
(AK) = 39.10, A(1) = 126.90, 4,(0) =16.00)  (WJEC91,p)

Moss in lawns Is weated with 2 mixture consiing of sand and
on(11) - sulphate),
(NH:505-FeS0, 6H,0 Nihen 3:000, g of the mixture were shaken
with dilute sulphuric acid and the resulting mixture titrated with
0.02 M KMnO, solution, 25.00 cm?® of KMnO, were decolourised.
a) Describe briefly the essential steps necessary to isolate, from the
solid mixture, a pure sample of ammonium iron(Il) sulphate-6-
water.

g

By stating necessary reagent(s) and observation(s), give one test
which would show the presence of sulphate ions in the pure
sample. Give an equation for the reaction involved in the test.
Construct an fonic equation for the reaction between Fe2* ions and
MnOj ions in acid solution by writing two half-cquations (one for
Fe* and one for MnO3 with H*) and combining them to give the
overall equation.

S

&

Using the information given at the start of the question, calculate
the percentage by mass of Fe?* fons in the mixture. (JMB91)

Iodine monochloride, ICI, is used to determine the degree of unsatura-
tion in oils. The ICI adds rapidly to the carbon-carbon double bonds
present. In an experiment, 0.127g of an unsaturated oil was treated
with 25.0 cm® of 0.100M jodine monochloride solution.
was kept in the dark until the reaction was complete. The unreacted
ICI was then treated with an excess of aqueous potassium iodide,
forming I. The liberated iodine was found to react with 40.0cm® of
0.100 M sodium thiosulphate.
) Suggest why it is necessary to keep the mixture of oil and iodine
monochloride in the dark.
b) Write an equation for the reaction between iodine monochloride
and potassium iodide.
Calculate the number of moles of sodium thiosulphate which were
used in the titration.

2

3
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d) Calculate the number of moles of iodine liberated, given that

iodine reacts with sodium thiosulphate according to the equation
I; + 2Nay$;,0; — 2Nal + Na;Si0

Hence, calculate the number of moles of unreacted iodine mono-

chloride.

Calculate the number of moles of iodine monochloride which

reacted with the 0.127 g of unsaturated oil.

Direct addition of iodine to an unsaturated oil is slow. However,

unsaturation is quoted as the iodine number. The iodine number is

the number of grams of iodine which in theory can be added to

100g of oil. Calculate the iodine number of this oil, given that

1 mole of ICl is equivalent to 1 mole of I,. (JMB91)

a

o

~
e

Indicate simple test-tube experiments you could do to show the

formation of one complex of copper(ll) and onc complex of

cobalt(1l) starting from solutions containing their usual hydrated

fons. State what you would observe, and give the formulae of the

complex ions produced.

b) Brass is a mixture of copper and zinc. It dissolves in nitric acid to
give a mixzure of Cu**(aq) and Zn**(aq) ions. For example

3Cu(s) + 2NOj(aq) + B8H'(ag) —— ZCul’(aq) + 2NO(g)

+ 4H,00)

The copper ions may be analysed by means of iodide and sodium

thiosulphate. The zinc ions do not react during this analysis.

1.00g of brass was dissolved in nitric acid and, after boiling off

oxides of nitrogen and neutralisation, excess potassium iodide was

added

2Cu**(aq) + 417(aq) —= 2Cul(s) + Ixaq)

‘The iodine reacted with 0.0100 moles of sodium thiosulphate

L(ag) + 25,03 (ag) — 217(aq) + S$;03 (aq)
Calculate the percentage by mass of copper in the brass. (090,AS)

*8. a) Sodium peroxide, Na,0y, reacts with chlorine dioxide, CIO;, to
give a single solid compound, P, containing only sodium, chlorine
and oxygen. An aqueous solution of P did not give a white precipi-
tate on treatment with aqueous silver nitrate. When 1.00 g of P was
heated for an hour at 260°C there was no change in mass. The
resulting solid was dissolved in 100 cm* of water and titrated with
aqueous silver nitrate of concentration 0.100 moldm™. After the
addition of 36.80 cm® of the aqueous silver nitrate no more silver
chloride was precipitated.

The mixture was heated to boiling, then treated with sulphur
dioxide to reduce all chlorine-containing species to chloride ion.
Subsequent titration with the silver nitrate solution required a
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further 73.60cm’ to px:cipi(axe all the chloride ion present.
Deduce the formula of P and give an cquation for the reaction
which oceurs when P is heated at 260°C.

(Relative atomic masses: Cl = 35.5, Na =23.0, 0 =16.0.)

b) In the complete absence of air 10.00 cm* of an agueous solution
of sodium nitrite (NaNO) of concentration 0.100 mol dm™ were
added to the same volume of acidified potassium iodide solution
of concentration 0.500 mol dm >, The liberated iodine was titrated
with sodium thiosulphate solution (N2,5,0,) of concentration
0.100 mol dm™?, 10.00 cm? being required to reach the end-point.
In a second experiment, using the same volume of the aqueous
solution of sodium nitrite but with free access of air, 30.00 cm® of
sodium thiosulphate solution were required to reach the end-point.
Obtain_an equation for the reaction between nitrate ions and
iodide ions and explain the reasons for the differences between the
first and second experiments. (L92,5)

9. a) Give the electronic structures of:

i) azincatom
ii) azincion.
b) Zinc is an element in the d-block which forms colourless ions in
aqueous solution.
i) Explain why zinc ions are colourless whereas those of many
d-block metals are coloured.
ii) Give the formula of the ion of another metal in the d-block
which s colourless in aqueous solution.

©) State with a reason whether you would expect ruthenium (Ru)
compounds to be coloured or colourless in solution
d) 25.0cm® of an aqucous solution containing 0.050 moldm™ of an

ion M**(aq) was reduced using excess zinc, and the unreacted zinc
removed. The resulting solution required 5.0 cm’ of an aqueous
solution of potassium manganate(VII) of the same molar concen-
tration to restore M to its original +3 oxidation state. To what
oxidation state was M>* reduced by the zinc? Show your working.
The manganate(VII) ion is reduced according to the equation
MnOi(aq) + 8H'(ag) + S¢” —= Mn®*(aq) + 4H,0()
(090,A8)

#10. Consider the following informution sbout. the yelow-orange para-

ngnenc gas, A, which is an oxide of chlor
. A given volume, v, of A is d:compuscd into i clements by park-
ing and the resulting gases occupy a volume ;, measured under
the same conditions. When the chlorine gasis absorbed in potassium

iodide solution, the residual gas occupies a volume, 2, under the
same conditions as before.
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When 0.1250 of A reacts under slightly alkaline conditions with a
small excess of hydrogen peroxide, H;0,, solution, 20.76 cm? of
oxygen gas is evolved, measured at 273 K and 1.01X 10°Pa.
When the solution resulting from 2. above was boiled to destroy
excess Hy0; and reacted under slightly acidic conditions with
excess potassium iodide solution, iodine was liberated which
required 74.12cm® of 0.1000moldm™ sodium thiosulphate
(N2,5,0,) solution for a complete reaction.
When the solution resulting from 3. above was boiled with nitric
acid (to remove excess iodide ion as volatile iodine) and titrated
against 0.0500 mol dm™ silver nitrate (AgNO,) solution, 37.06 cm®
thereof was required to precipitate all the chloride ion present. (No
chlorine containing compounds remained in solution thereafter.)
When a further 0.1250g of A is allowed to react with water at 0°C
in the dark, a slow reaction ensues requiring some weeks for com-
pletion._Thereafter the resulting solution is found to require
6.18cm? of 0.0500 moldm™ silver nitrate solution to precipitate
all the chloride ion present. The silver salt of the other product of
reaction is water soluble and when the filtrate from the above was
acidified and treated with excess potassium iodide solution, the
liberated iodine required 92.65 cm? of 0.1000 moldm™ sodium
thiosulphate for complete reaction.

Use the information in 1. to obtain an empirical formula for A

and to deduce a probable identity. Use the information in 4. to

confirm your conclusion.

Use your conclusions in a) and the information in 2., 3., 4. and 5.

1o suggest identities for all the oxochloro species which are formed

and react therein.

i) Write balanced stoichiometric equations for all the redox
processes in 2., 3., 4. and 5. above. State the changes in oxida-
tion state undergone by chlorine and by the other species
involved. Write balanced pairs of ion/electron half equations as
appropriate.

ii) L the consi of all the
with your conclusions.

(1 mole of a gas occupies 2.24X 10cm® ar273 Kand 1.01X 10°Pa,

A(0) = 16.00, A(Cl)=35.45, one mole of I reacts with two

moles of $,03".

Hint For the formulation of ion/electron half equations, the

addition of species such as H*, H,0, OH" to one side or other of

the equation s frequently of assistance.) (WJEC92,8)

When an acidified solution of potassium dichromate(VI) is added

1o a solution of an iron(lI) compound, the Fe** ions are oxidised

to Fe™* jons.

i) Write an equation to show the ionic half reaction involving the
iron(1I).
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i) Give the formula and colour of the chromium ion formed in
the redox reaction.

b) A sample of steel weighing 0.200 is dissolved in dilute aqueous
sulphuric acid. The resulting solution requires 34.0 cm? of potassium
‘manganate(VI1) of concentration 0.02mol dm ™ in a titration. The
reactions which take place are represented by the equations

Fe(s) + 2H'(aq) — Fe™(aq) + Hi(g)
SFe**(aq) + MnOi(aq) + BH'(ag) —= 5Fe™(aq) + Mn*(aq)
+ 4H,0()

i) Explain why no indicator is required in this titration.

ii) Calculate the percentage of iron in the steel

) Gwe a simple test and its result to show that sample of a

eral contains the element calcium.

i) When aqueous sodium hydroxide is added to a solution of
an iron(iD) compound, iron(Il1) hydroxide is formed. Classify
the type of reaction which takes place. Write an equation to
represent the reaction.

d) Discuss some of the environmental problems that can arise in the
quarrying of minerals. (AEB90,AS)

. This question concerns the determination of the amount of preserva-

tive, sodium sulphite (Na;SO,), in a sample of beefburgers. In an
experiment 1kg of meat was boiled with an excess of dilute
hydrochloric acid (Step 1). The sulpher dioxide gas released was
completely absorbed in an excess of dilute aqueous sodium hydroxide
(Step 2). The resulting solution was then acidified with dilute sulphuric
acid and titrated with 0.02M KMnO; solution (Step 3); 30.00 cm®
were required to reach the end-point.

Use the following equations to answer the questions below.

Step 1
Na,SO; + 2HCI ——# 2NaCl + SO, + H,0
Step 2
SO, + 20H" — H,0 + SOI"
Step 3

P
5503" + 2MnO; + 6H* — 550" + 2Mn** + 3H,0

a) i) How many moles of Na;SO; are equivalent to 1 mol of MnO;?
i) How many moles of MnOj were used in the titration?
iii) How many moles of Na,SO, were present in 1 kg of the meat?
iv) Government chemists often express the amount of Na,SO; in
meat as parts per million (1ppm = 1g of Na,SO, in 10°g of
meat). Express the amount of Na,SO; in the meat as ppm.
b) i) In Step 1, why is it necessary to use an excess of dilute hydro-
chloric acid and to boil the solution?
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i) In Step 3, why is it essential not to use dilute hydrochloric
acid to acidify the solution?

i In Step 3, what colour change would you observe at the end:
poi (JMB92)

13. ) i) State the conditions under which magnesium and calcium will
react with water, and write balanced equations for the reactions.
i) Exphain any diffrences berween the two seacions i tems of
e atomic properties of the two metal
b) Compart the chemistries of magnesium and calcium with reference
to the followiny
i) the solubilities of their sulphates in water
) the thermal stabilities of their carbonates
iii) the reactions of their oxides with water.
©) A mineral, which can be represented by the formula Mg,Ba, (CO,);,
was analysed as described below.
From the results, calculate the formula of the mineral.
A sample of the mineral was dissolved in excess hydrochloric acid
and the solution made up to 100cm® with water. During the
process 48 cm? of carbon dioxide, measured at 25°C and 1 atmos-
phere pressure, were evolved.
A 25.0cm? portion of the resulting solution required 25.0 cm? of
edta solution of concentration 0.02moldm™ to reach an end-
point. A further 25.0cm’ portion gave a precipitate of barium
sulphate of mass 0.058g on treatment with excess dilute sulphuric
id. You may assume that Group 2 metal fons form 1:1 complexes

with edta.
(Molar volume of any gas at 25°C and 1 atmosphere pressure =
24dm?) (AEB90)

18, Zinc sulphate can be used as a dietary supplement in cases of suspec-
ted zinc deficiency. The compound crystallises as a hydrated salt, and
is readily water-soluble.

a) In a simple experiment to determine the extent of hydration, a
technician carefully heated 3.715g of the erystals to a moderate
temperature until no further loss in mass occurred.

‘The anhydrous salt had a mass of 2.086g.
Relative atomic masses are included in the Periodic Table on
Pp. 294-5
i) How many moles of zinc sulphate are there in 2.086g of
anhydrous zinc sulphate?
i) How many moles of water were lost?
iii) What is the value of x in the formula ZnSO,xH,0?

b) The daily recommended intake of zinc in the USA is 15 mg.

i) What mass of zinc sulphate crystals would need to be taken to
obtain this intake?
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i) If this is taken via a 5 em® dose of aqueous zinc sulphate, cal-
culate the concentration of this solution in moldm ™ of the
hydrated salt.

© The organic ligand etbylencdiamine tere et acid (eda) ean be
used o titrate Zn®* in sol The edta complexes the zinc,
relasing hydrogen fons: adia works best in this experiment a1
about pH

i) 5. 932g ot hydrated zinc sulphate was dissolved in water and
made up to 200cm® of solution. 20.00 cm? aliquots of this
solution required 20.65 cm® of 0.1000 mol dm > edta for com-
plete reaction. In what mole ratio do Zn®* and edta react?

i) Explain why this titration is done in the presence of aqueous

ammonia containing dissolved ammonium chloride.

Why would an attempt to determine the concentration of zinc

ions in solution by precipitating zinc hydroxide with excess

sodium hydroxide and weighing it be an unsatisfactory method?
(L92)

*15. This question concerns a hydrated potassium manganese ethane-
dioate complex, and experiments to determine its composition.

Stage 1

5.000g of a pure sample of the complex were dissolved in dilute

sulphuric acid to make 100 cm® of solution. 10.0 cm?® of this solution

were placed in a conical flask, warmed to 60°C, and titrated with
0.0500moldm™ potassium manganate(V1I) until a persistent faint
pink colour was obscrved in the clear solution. This was repeated, and

2 consistent titre of 23.5 cm® of the potassium manganate(V11) solution

was obtained.

Stage 2

A 50cm? portion of the same solution of the complex was treated

with excess sodium carbonate solution, and the brown precipitate

formed was filtered off. After washing and drying, the precipitate was
heated strongly in air until there was no further change in mass; the
brownish-black residue of manganese(IV) oxide welghcd 0.425¢.

Stage 3

Another pure sample of the complex weighing 5.000g was dehydrated

carefully by gentle warming; the residue weighed 4.648 g.

2) i) Write a balanced equation for the reaction of :xhanedma(e ions
with manganate(VII) ions in acidic solution in Stage 1, given
the half equation

C,03(ag) — 2COg) + 2¢”
ii) Calculate the mass of ethanedioate ions in the original sample
of the complex.

b) .) Explain the chemistry of the steps in Stage 2.

e the mass of manganese in the original sample of the
campl:x
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©) Using your answers to ) and b), and the results from Stage 3, cal-
culate the formula of the complex.
d) i) What is the oxidation number of manganese in the complex?
i) Draw a diagram of the displayed structure of the anhydrous
complex. (L92,N,5)

. 2) Describe what you would expect to observe on the gradual addition

of excessof the following resgentsto separate samplesof asluion
containing copper(l1) ions, Cu2*: i) aqueous ammonia; ii) potassium
iodide solution. Give the formulae for all the species produced.
Explain the nature of the reaction with potassium iodide solution,
giving also a balanced overall chemical equation. Briefly indicate
also how this reaction could be used as a basis for the volumetric
estimation of copper.

b) i) Describe the nature of the bonding in lead(IV) chloride, PbCly,
and compare it with that in lead(If) chloride, PbCl,. Similarly,
compare these two compounds with respect to 1) physical
properties, 2) thermal stability, and 3) behaviour on treatment
with water. Give balanced chemical equations wherever approp-

Show clearly how your answers in b) 1) 2) and 3) above are con-

sistent with the following numerical d

1) Gentle heating of 0.5000g of ]cad(lV) chloride, allowing
volatile products to escape, results in a weight loss of
0.1016g.

2) Treatment of a further 0.5000g of lead(IV) chloride with
water yields a solid product and a solution which requires
28.65em’ of 0.2000moldm™ silver nitrate solution for
complete reaction with the chloride ion present. (Here
Ag'(aq) + Cl(ag) — (s).)

(APD) = 207.21, A(C)) = 35.45.)
©) You are provided with a solution which is known to contain
either a chloride or a bromide or an iodide. Describe and explain
one test only which would allow you unambiguously to identify
the halide present. (WJEC92)

. Hydrogen peroxide (H;0,) may be prepared in the laboratory by

treating barium _peroxide (BaO,) with dilute sulphuric acid. Pure
hydrogen peroxide is a pale bluc syrupy liquid m.pt. —1°C and b.pt.
150°C.
) i) Write a balanced equation for the reaction of barium peroxide
with sulphuric acid.
i) How would you remove the barium sulphate produced in the
reaction?

\
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b) Hydrogen peroxide decomposes on heating, The dilute solution of
hydrogen peroxide, obtained from the reaction of barium peroxide
with sulphuric acid, may be concentrated using the apparatus
below.

Desiceator
Solution of
irogen paroxide

sulphuric o

i) Explain why a filter pump is connected to the desiccator.
i) What is the purpose of the concentrated sulphuric acid?

©) The structure of hydrogen peroxide may be represented by cither
of the following structures. u

H-0-0-H

1 n

i) Using the outer clectrons draw a dot and cross diagram for

hydrogen peroxide.

ii) Using the dot and cross diagram suggest which of the structures
Tor 11 is more likely for hydrogen peroxide. Explain your
reasoning.

d The hydmgen pemxldc sold in shops is usually described as ‘20-
t 1em? of hydrogen peroxide solution
pxoducn:s 20ems of oxygen Hydrogen peroxide decomposes on
standing and faster with a catalyst.
2H,0, — 2H,0 + 0,

i) Calculate the number of moles of hydrogen peroxide in 1dm>
of a 20~volume solution. (One mole of a gas occupies 24dm’
at room temperature and pressure.)

ii) Hydrogen peroxide liberates iodine quantitatively from solu-
tions of acidified potassium iodide.

H,0, + 21" + 2H' — I, + 2H,0
‘The liberated iodine may be titrated with sodium thiosulphate
solution.
28,03 + I, — S,08 + 21"
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A botde, labelld ‘20-volume hydrogen peroside’, ad been
standing on the shelf of a pharmacy for some time. 25.0 cm®
of this solution were diuted 1o  total volume of 230 em. A
25.0cm® portion of the diluted solution was acidified and
excess potassium iodide added. This treated 25.0 em* portion
was titrated against 0.1M sodium thiosulphate solution and
gave an end point of 34.0 cm?.
Calculate the actual strength, by ‘volume', of the solution
labelled 20-volume hydrogen peroxide.
©) Describe how a solution of hydrogen peroxide may be used to
identiy the presence of Mn?* in aqueous solution. State the result
expected. (NI190,p)
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MASS SPECTROMETRY

EXAMPLE 1

METHOD

EXAMPLE 2

METHOD

In a mass spectrometer, an clement or compound is vaporised and
then ionised. The ions are accelerated, collimated into a beam and
deflected by a magnetic field. The amount of the deflection depends
on the ratio of mass/charge of the ions, as well as the values of the
accelerating voltage and the magnetic field. The magneic field is kept
constant while the accelerating voltage is varied continuously to focus
each species in tum into the ion detector. The detector records each
species as a peak on a trace. From the value of the voltage associated
with a particular peak the ratio of mass/charge for that jonic species
can be found. Since cach ion has a chatge of +1, the ratio mass/charge
is equal to the mass of the ion. The mass spectrometer can be
calibrated to read out ionic masses directly. The heights of the peaks
are proportional to the relative abundance of the different ions.

The mass spectrum of borom shows two peaks, one at 10.0u, and
the other at 11.0u. The heights of the peaks are in the ratio
18.7%: 81.3%. Calculate the relative atomic mass of boron.
The relative heights of the peaks show that the relative abundance of
19 and 1B is 18.7% '°B : 81.3% "'B.
In 1000 atoms, there are 187 of mass 10.0u = 1870u

and 813 of mass 11.0u = 8943 u
‘The mass of 1000atoms = 10813u
The average atomic mass = 10.8u

The relative atomic mass of boron is 10.8.

The mass spectrum of ncon shows three peaks, corresponding to

masses of 22, 21 and 20u. The heights of the peaks are in the ratio

11.2:0.2:114. Calculate the average atomic mass of neon.

Multiplying the relative abundance (the height of the peak) by the
mass to find the total mass of each isotope present gives

Mass of neon-22 = 11.2X 22.0 246.4u

Mass of neon-21 = 0.2X21.0 42u

Mass of neon20 = 114 X20.0 = 2280u

Totalsare 1254 = 2530.6u

Average mass of neon atom = 2530.6/125.4 = 20.18u.

‘The average atomic mass of neon is 20.2u.

104
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EXERCISE 22 Problems on Mass Spectrometry

1

»

El

~

The mass spectrum of rubidium consists of a peak at mass 85 and a
peak at mass 87u. The relative abundance of the isotopes is 72:28.
Calculate the mean atomic mass of rubidium.

If °Ga and "'Ga occur in the proportions 60 : 40, calculate the average
atomic mass of gallium.

Fig. 9.1 shows the mass spectrum of magnesium. The heights of the
three peaks and the mass numbers of the isotopes are shown in Fig.
9.1. Caleulate the relative atomic mass of magnesium.

I

6

Intensity

Has rumber
Fig. 9.1 Mass spectrum of magnesium

. The mass spectrum of chlorine shows peaks at masses 70, 72 and

74u. The heights of the peaks are in the ratio of 9 to 6 to 1. What
is the relative abundance of *Cl and ¥7Cl? What is the average atomic
‘mass of chlorine?

Calculate the relative atomic mass of lithium, which consists of 7.4%
of 5Li and 92.6% of "Li.

A sample of water containing 'H, ?H and 'O was analysed in 2 mass
spectrometer. The trace showed peaks at mass numbers 1,2, 3,4, 17,
18, 19 and 20. Suggest which ions are responsible for these peaks.
Caleulate the average atomic mass of potassium, which consists of
93% K and 7.0% *IK.

Fig. 9.2 shows a mass spectrometer trace for copper nitrate. Each of
the cight peaks is produced by a different species of ion. Suggest what
these ions are.

w6 T 7 18
M mumber

Fig.9.2  The mass spectrum of copper nitrate
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EXERCISE 23 Questions from A-level Papers

1. a) i) State the main natural souree of alkanes.
i) State two important uses of alkancs.

b) i) State the conditions under which methane reacts with chlorine.
ii) Name the type of reaction which occurs in this case.
iii) Write the mechanism of this reaction (in b) i)) excluding steps
which produce CHCI, or CCly.

¢) The main peaks in the mass spectrum of an alkane, a ketone, and a
carboxylic acid are listed below but it is not known which is which.
i) Assign each molecule to its correct mass spectrum and also
write its structural formula. (If isomers exist, only one formula

is wanted.) (A(H) = 1, A(C) = 12, A(0) = 16

e Typeof | Structural
spectrum molecule | formula
A 60,45,15
B 58,43,28,15
4 58,43,29,15

ii) Give reasons in cach case for your assignments in c) i).

d) The boiling points of the alkane, ketone and carboxylic acid in c)
arc 0, 56 and 118°C respectively. Explain why these differ despitc
the fact that the molecules have very similar relative molecular
masses. (WJEC92)

2. Two omeric azomatic compounds X and ¥ have the following per-
centage composition by mass: C = 66.4%; H = 5.5%; Cl =
‘The relative molecular mass of the compounds is 126.5.
a) Show that the molecular formula for X and ¥ is C;H,Cl.

b) i) One of the compounds, X, yields a white precipitate when
warmed with aqueous silver nitrate, whereas V" does not. What
can you deduce from this?

ii) Suggest a structure for X and give one of the possible structures
for v.

©) Compounds related to ¥ are used as insecticdes. Wht property
leads to these compounds causing environmental damage
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d) Sketch a possible mass spectrum for compound ¥ on a copy of the
axes below and explain, using your sketch, how it would enable
you to distinguish between compound X and compound ¥ (there
is no need to draw a possible mass spectrum for X). (L91)

100
e

8

=

0710 20 30 40 50 66 70 80 90 100 110 120 130

3. 2) Identify, and give the main characteristics of, the particles con-
tained in atomic nuclei.

S

Relative atomic and molecular masses are measured on a scale in

which *C=12 exactly. Explain what this means and indicate
why relative atomic mas i 4 more usefol concept than atomic
mass.

Chlorine is essentially a mixture of two isotopes, *Cl and ’Cl. By
reference to chlorine explain what is meant by the term isotope.

d) The following is the mass spectrum of chlorine, Cl,.
% w

”

intensity

Eg 0 % )
me

.) Identify each peak in the spectrum.
ii) Suggest a reason why the peaks are not all the same height.
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€ Boron B, consists of a mixture of 20% '°B and 80% 'B. On a copy
of the axes, sketch the mass spectrum of boron. (91)

Inensity

g

*4. 2) Outline the principles of mass spectrometry and indicate some of

of its applications to modern chemistry.
b) Bromine consists of two isotopes with mass numbers 79 and 81
which have percentage abundance of 50.5 and 49.5 respectively.
i) Calculate the relative atomic mass of bromine.

ii) What are the m/e values for the Brj ions in the mass spectrum
of bromine and what are the relative heights of the corres-
ponding peaks?

Both *C and *K are radioactive and decay by f-emission.

Bricfly state how “C is used to date archaeological items of animal

or vegetable origin. Comment on the fact that the age of certain

minerals may be inferred from the “’K/*Ar ratio. (AEB9LS)

(For part c), see Chapter 14.)

S

How are the procedures of i) refluxing and ii) distillation carried

out in the laboratory? Explain the purpose of carrying out the

procedures by reference to two different chemical reactions.

b) What do you understand by the term relative atomic mass?

©) ‘The mass spectrum of an organic compound which can be obtained
by the oxidation of an alcohol is shown below.

Mow Soectrum
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‘The compound has the following composition by mass:

C = 66.7%
H = 111%
0 = 222%

Calculate the empirical formula of the compound and by inter-
preting the labelled peaks on the mass spectrum determine the
molecular formula of the compound. (L92,AS)

*6. a) Give a detailed account of the design and operation of a mass
spectrometer.

b) The figure below shows part of the mass spectrum of CCls.

Peak haight

mie

i) Assign the peaks shown to the appropriate ions.

i) Explain the observed relative peak heights within the groups
of m/e 82-84-86 and 4749.

iii) Very small additional peaks (not shown) include those at m/e
83 and 48 which are about 1% of the height of the 82 and 47
peaks respectively. Suggest a reason for these peaks.

iv) A small peak is also seen at m/e 41; suggest a reason for this.

N.B. The peaks in b) iii) and b) iv) are not caused by impurities.

(A(C) = 12.01, A(C]) =35.45.)
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©) If methane is leaked into the mass spectrometer and the electron
beam energy slowly increased from zero, the ionisation curves
shown in the figure below are obtained.

Peak height

i 7

10 T 0

7
Electron beam energy/eV.

i) Explain the origin and shape of the curves.
ii) Given that the ionisation energy of the methyl radical
(CHy» —= CH*+e) is 9.8¢V, use the figure to calculate
the bond dissociation energy D)(H,C—H) in methane.
N.B. 1. 1 electron volt (eV), the energy gained by an clectron
when accelerated through 1 volt, is equivalent to 96.5 k]
mol”

2. Only single events occur in the mass spectrometer; elec-
trons do not strike a species twice.

d) High resolution mass spectrometry measures m/e values to several
places of decimals. Since isotopic masses differ from whole num-
bers by different amounts, it is possible to find the molecular
formula of a fragment without knowing which elements are
present.

‘The molecular ion of a solid organic molecule, important in living
systems, has an m/e value of 75.032 015 and contains all of the iso-
topes whose exact relative atomic masses are listed below. Deduce
the molecular formula and suggest a structure.
N.B. The m/e value given is corrected for the loss of mass of the
electron.
(A('H) = 1.007 825, A,(**C) = 12.000 000,
A("N) = 14.00307, A(*0) = 15.99491.) (WJEC92,5)
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NUCLEAR REACTIONS

In a nuclear reaction, a rearrangement of the protons and neutrons
in the nuclei of the atoms takes place, and new elements are formed.

The atomic number or proton number, Z, of an element is the number
of protons in the nucleus of an atom of the element. The mass number
or nucleon number, A, is the number of protons and neutrons in the
nucleus of an atom. Isotopes of an element differ in mass number but
hate the same atomic umber. Isotopes are represented as 4 Symbol,
eg. '3C. Protons are represented as |H, electrons (8- particles) as S,
neutrons as 4n. and a-particles as 3He. In the equation for a nuclear
reaction, the sum of the mass numbers s the same on both sides, and
the sum of the atomic numbers is the same on both sides of the
equation.

For prac(nc in balancing nuclear equations, study the following
examples.
exampLe 1 Complete the cquation

KN — SO+

meTHoo  Consider mass numbers: 16 =a+0
Consider atomic numbers: 7 =b+(—1)
Answen YN — 0 + e

ExampLe 2 Find the values of  and b in the equation
TAL + Jn — fHe + 32X
meTHoD  Consider mass numbers: 27+1 =4+a la=24
Consider atomic numbers: 13+0 2+b L b 11

ANSWER @ = 24andb = 11

EXERCISE 24  Problems on Nuclear Reactions

Complete the following equations, supplying values for the missing mass

numbers (nucleon numbers) and atomic numbers (proton numbers).
1.a) 3Be + Yy — $Bc + §X

b) 4N + fHe —= IH + Y

©) $Be + 1H — SLi + §Z

d) Bi + ID — X + IH

€) %O + ln —= BC + Y

f) 9B + Y — BN + in

© UN + fn — JQ + IH
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h) BF + in — 2Z + $He
i) IPb — X + e
) BAL 4+ fn—e %y + §Z
K BC + 2X —e S + 1H

D) §Li + §n — $He + X

EXERCISE 256 Questions from A-level Papers

1. 2) Complete the following table:
(m, = mass of a proton, ¢ = charge of a proton.)

Charge
relative to m, | relative to ¢

Alpha particle
Beta particle

b) Complete the following table which relates to the changes in the
mass number and atomic number of an atomic nucleus when it
emits

i) an alpha particle
ii) a beta particle.

Particle Change in Change in
emitted mass number | atomic number

Alpha particle

Beta particle

©) An isotope of the element uranium, %5U, emits successively seven
alpha particles and four beta particies to form a stable isotope of
another clement X. Deduce:
i) the mass number of X
ii) the atomic number of X
iii) the identity of X. 090y
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. a) i) Distinguish clearly between mass number and relative atomic
ass.

i Caleulate the relative awmlc mass of the element magnesium
from its mass spectrum bel

Relatve sbundance

b) i) Particles lost in radioactive decay are of two types; alpha
particles (helium nuclei) and beta particles (high energy
electrons). Identify Q and R in the following equations.

38U —— Q + alpha particle
WK ——= R+ beta particle
i) “°K may lose an clectron by a completely different process.

Name this proces and weite an equation 0 represent the
change. AEB,90)

3. a) The relative atomic mass of antimony is 121.75. Explain carefully
the meaning of this statement.

b) A radioactive isotope of the element thorium 23Th decays accord-
ing to the following scheme:
aparticle | fparticle

Brparticle
emission  emission _emission

iTh. Z
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THE GAS LAWS

The behaviour of gases is described by the Gas Laws: Boyle’s law,
Charles’ law, the equation of state for an ideal gas, Graham’s law of
diffusion, Gay-Lussac’s law, Avogadro’s law, Dalton’s law of partial
pressures and the ideal gas equation. We look at cach of these in turn.
equation. We look at ach of these in turn.

BOYLE'S LAW
Boyle’s law states that the pressure of a fixed mass of gas at a constant
temperature is inversely proportional to its volume:

PV = Constant
where P = pressure, V = volume.

CHARLES' LAW

Charles' law states that the volume of a fixed mass of gas at constant
pressure is directly proportional to its temperature on the Kelvin
scale:

Y = Constant
T
where T = temperature in kelvins.

Temperature on the Kelvin scale (called the absolute temperature) is
obtained by adding 273 to the temperature on the Celsius scale.

Temperature (K) = Temperature (°C) + 273
273K = 0°C
THE EQUATION OF STATE FOR AN IDEAL GAS
Gases which obey Boyle's law and Charles’ law are called ideal gases.

By combining these two laws, the following equation can be obtained.
Itis called the equation of state for an ideal gas:

115
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A gas has a volume of V, at a temperature T, and pressure P,. If the
conditions are changed to a pressure P, and a temperature Ty, the new
volume can be calculated from the equation. It is usual to compare gas
volumes at 0°C and 1 atmosphere (abbreviated as 1atm). These con-
ditions are referred to as standard temperature and pressure (s..p.)
or normal temperature and pressure (n.t.p.). Some authors calculate
volumes at room temperature (20°C) and 1atm. The SI unit of
pressure is the pascal.

latm = 1.01X 10°pascals (Pa) = 101kilopascals (kPa)
= 1.01 X 10° newtons per square metre (N m™?)

= 760 mm mercury

Volumes can be measured in the SI unit, the cubic metre (m or in
cubic decimetres (dm?) or cubic centimetres (cm?).

1dm® = 1073m?

10%em’

‘Temperatures must be in kelvins.

exampLe A volume of gas, 265 cm?, is collected at 70°C and 1.05 X 10°Nm™2,
What volume would the gas occupy at s.t.p.?

MeTHoD  The experimental conditions are

P, = 105X 10Nm™2

T, = 273 +70 = 343K

[

Vv, = 265em®
Standard conditions are Py = 101X 10°Nm™?
T, = 273K
PV, _ PaVy

T
1.05X 10X 265 _

v, = 219cm?

answer  The volume of gas at s.t.p. would be 219 em?.
(Note that the pressure and volume are in the same units on both
sides of the equation.)
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1. Correct the following gas volumes to's.
a) 205cm?at 27°Cand 1.01 X 10°Nm
b) 355cm®at 310K and 1.25 X 10°Nm
¢) 5.60dm?at 425K and 1.75X 10°Nm™?
d) 750cm® at 308K and 2.00 X 10°Nm™*
¢) 1.25dm? at 25°Cand 2.14 X 10°Nm™

2. A certain mass of an ideal gas has a volume of 3.25 dm® at 25 °C and
1.01 X 105N m~2, What pressure is required to compress it to 1.88 dm®
at the same temperature?

!-'

An ideal gas occupies a volume 2.00 dm?at 25 °C and 1.01 X 105N m’
What will the volume of gas become at 40°C and 2.25 X 10N m™??

4. An ideal gas occupies 2.75dm? at 290K and 8.70X 10°Nm™2, At
what temperature will it occupy 3.95 dm®at 1.01 X 105Nm™??

@

. An ideal gas occupies 365 cm? at 298K and 1L sax 10° Nm™2 What
will be its volume at 310K and 1.01 X 10°Nm™??

6. Correct the following gas volumes to s.t.p.:
a) 256 cm? of an ideal gas measured at 50°C and 650 mim Hg
b) 47.2.em? of an ideal gas measured at 62 °C and 726 mm Hg
) 10.0dm? of an ideal gas measured at 200 °C and 850 mm Hg
d) 4.25 dm? of an ideal gas measured at 370°C and 2.12atm
€) 600cm? of an ideal gas measured at 95 °C and 0.98 atm

GRAHAM'S LAW OF DIFFUSION

At constant temperature and pressure, the rate of diffusion of a gas is
inversely proportional to the square root of its density:

where r = rate of diffusion and p = density.

Comparing the rates of diffusion of two gases A and B gives
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‘This expression applies to rates of effusion (passage through a small
aperture) as well as to diffusion (passage from a region of high concen-
tration to a region of low concentration). It provides a method of
measuring molar masses. The molar mass of a gas is proportional to
its density (see p. 81: Density = Molar mass/Gas molar volume).
Graham’s law can therefore be written as

™ A

I My
where M, and My are the molar masses of A and B.
exawpLet A gas, A, diffuses through a porous plug at a rate of 1.43 em?s™.

Carbon dioxide diffuses through the plug at a rate of 043 cm?s™1.
Calculate the molar mass of A.

METHOD  Molar mass of carbon dioxide = 44.0gmol™*
o, o /My

answer  The molar mass of A is 4.0gmol-1.

exampLe 2 It takes 54.4seconds for 100cm? of a gas, X, to effuse through an
aperture, and 36.5 seconds for 100cm? of oxygen to cffuse through
the same aperture. What is the molar mass of X?>

MemHoo  Since oo
[ Mo,
100365 _ [l
1005544 ~ /32
My = 71

answer  The molar mass of X is 71gmol 1.

EXERCISE 27 Problems on Diffusion and Effusion

1. A certain volume of hydrogen takes 2min 105 to diffuse through
porous plug, and an oxide of nitrogen takes 10min 23 5. What
a) the molar mass, b) the formula of the oxide of nitrogen?
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Plugs of cotton wool, one sozked in concentrated ammonia solution
and the other soaked in concentrated hydrochloric acid, are inserted
into opposite ends of a horizontal glass tube. A disc of solid
ammonium chloride forms in the tube. If the tube is 1m long, how
far from the ammonia plug s the solid deposit?

& A cerain volume of suphur dioxide diffuses through o porous plug

in 10.0min, and the same volume of a second gas takes 15.8 mi
Calculate the relative molecular mass of the second gas.

IS

. Nickel forms a carbonyl, Ni(CO),,. Deduce the value of # from the
fact that carbon monoxide diffuses 2.46 times faster than the carbonyl
compound.

5. A certain volume of oxygen diffuses through an apparatus in 60.0
seconds. The same volumes of gases A and B, in the same apparatus
under the same conditions, diffuse in 15.0 and 73.5seconds
respectively. Gas A is flammable and gas B turns starch-iodide paper
blue. Identify A and B.

6. 25cm? of ethane effuses through a small aperture in 40s. What time
is taken by 25 cm? of carbon dioxide?

Xenon diffuses through a pin-hole at a rate of 2.00 cm? min!. At what
rate will hydrogen effuse through the same hole at the same tempera-
ture and pressurc?

8. In 3.00 minutes, 7.50 cm? of carbon dioxide effuse through a pinhole.
What volume of helium would effuse through the same hole under the
same conditions in the same time?

9. A mixture of carbon monoxide and carbon dioxide diffuses through a
porous diaphragm in one half of the time taken for the same volume
of bromine vapour. What is the composition by volume of the
mixture?

3

. In 4.00minutes, 16.2cm? of water vapour effuse through a small
hole. In the same time, 8.1 cm® of a mixture of NO, and N,0, effuse
through the same hole. Calculate the percentage by volume of NO,
in the mixture.

THE GAS MOLAR VOLUME

Avogadro’s law (sce Chapter 7) states that equal volumes of gases,

easured at the same temperature and pressure, contain equal num-
bers of molecules. It follows that the volume occupied by a mole of
gas is the same for all gascs. It is called the gas molar volume and
measures 22.4 dm? at s.t.p. (24.0 dm> at 20°C and 1 atm),

If the volume occupied by a known mass of gas is known, the molar
mass of the gas can be calculated.
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What is the molar mass of the

exampLe  11.0g of a gas occupy 5.60 dm>ats.t.
gas?

METHOD  Mass of 5.60dm”® of gas = 11.0g
Mass of 22.4dm? of gas = 11.0X22.4/5.60 = 44.0g

answer  The molar mass of the gas is 44.0 gmol 1.

EXERCISE 28 Problems on Gas Molar Volume

Use R =8.314) K 'mol™};GMV = 2241dm’atstp.

1. Calculate the molar mass of a gas which has a density of 1798 gdm ™
at298K and 101kNm™2,

2. At 273K and 1.01X 10°Nm 2, 2.965g of argon occupy 1.67 dm”
Calculate the molar mass of the gas.

3. Calculate the volume uccup|ed by 0.250mol of an ideal gas at
1.01 X 10°Nm~2and 20°C.

4. A volume, 500 cm® of krypton, measured at 0°C and 9.8 X 10N m™2,
has 2 mass of 1.809 ¢. Calculate the molar mass of krypton.

5. What amount (number of moles) of an ideal gas occupies 5.80 dm? at
250X 10°Nm ™2 and 300K?

6. Propane has a density of 1.655gdm™at 323K and 1.01 X 105N m™2,
Calculate its molar mass.

7. What volume is nccupl:d by 0.250mole of an ideal gas at 373K and
125X 105N m

8. An ideal gas occupies 1.50dm? at 300K and 1.25 X 10°Nm™2, What
is the amount (in moles) of gas present?

DALTON'S LAW OF PARTIAL PRESSURES

In a mixture of gases, the total pressure is the sum of the pressures
that each of the gases would exert if it alone occupied the same
volume as the mixture. The contribution that each gas makes to the
total pressure is called the partial pressure.

exampLe  3.0dm? of carbon dioxide at a pressure of 200kPa and 1.0dm? of
nitrogen at a pressure of 300kPa are introduced into a 1.5 dm? vessel.
What i the total pressure in the vessel?
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5. A mixture of gases at a pressure 7.50 X10°Nm~? has the volume
composition 40% Ny; 35% Oy; 25% CO;.

2) What is the partial pressure of each gas?

b) What will the partial pressures of nitrogen and oxygen be if the
carbon dioxide is removed by the introduction of some sodium
hydroxide pellets?

6. A mixture of gases at 1.50 X 10° Nm~? has the composition 40% NHy;

25% Hy; 35% N, by volume.

2) What is the partial pressure of each gas?

b) What will the partial pressures of the other gases become if the
ooy i ramved by the additon ofsomesofid phosphorus(Y)
oxide:

THE IDEAL GAS EQUATION

Gases which obey Boyle’s law and Charles’ law are called ideal gases.
Combining these two laws gives the equation:

PXV

T
It follows from Avogadro’s law that, if a mole of gas is considered, the
constant will be the same for all gases. 1t is called the universal gas
constant, and given the symbol R, so that the equation becomes
PV = RT

This equation is called the ideal gas equation. For n moles of gas, the
equation becomes

= Constant for a given mass of gas

‘The value of the constant R can be calculated. Consider 1 mole of gas
at s.t.p. Its volume is 22.414 dm®. Inserting values of P, V and T in SI
units into the ideal gas equation.

P = 10132X10°Nm™? T = 273.15K
V = 22414X107m? n = 1mol

gives 1.0132X 105X 22.414 X 107 = 1X273.15XR
R = 8314

The units of R are PV/nT, ic.

s
= Nmmol 'K™! = JK 'mol™*

Thus, R = 8.314J K'mol™! (joules per kelvin per mole).



THE KINETIC THEORY OF GASES

To explain the gas laws, the kinetic theory of gases was put forward.
The Kinetic theory considers that the molecules of gas arc in constant
motion in straight lines. The pressure which the gas exerts results from
the bombardment of the walls of the container by the molecules.

‘The kinetic energy of a molecule = {mc? (m = mass,c = velocity).
The kinetic cnergy of the gas = {mNe (N = number of molecules,
&% = average value of the square of the velocity for all the molecules;
root mean square velocity).

From the kinetic theory can be derived the equation
PV = dmNe?

Since the kinetic energy of the molecules is proportional to 7 (kelvins)
PV = ConstantX T

This is the ideal gas equation. The agreement between theory and
experimental results is good support for the kinetic theory.

The kinetic theory can be used to calculate the root mean square
velocity of gas molecules.

exampie  Caleulate the root mean square velocity of hydrogen molecules at

METHOD

ANSWER

stp.
1 Use M(H,) = 2.4 QZ?mul L In the :qu.\(mn PV = {mNe?, substitute
PV = RT for 1mole of gas, and mN the molar mass of gas in
kg. Substituting N = 2.02X 10~ kgmol ™" in {mN¢? = RT, gives
= 3X8.31X273/2.02% 107
= 1.84X10°ms™"

‘The oot mean square velocity of hydrogen molecules at s.tp.
1.84 X 10°m

&

wemuonz Use che dcnsxry of hydrogen (9.00X10"2kgm™ at stp.). Since
NIV

ANSWER

b, the density of the gas, substituting in P = 1pc* gives
\/c: 3X1.01%10°

= = 1.84X10°ms™
As before, the root mean square velocity is 1.84 X 10°ms™.

T900x107

EXERCISE 30 Problems on the Kinetic Theory and the Ideas Gas Equation

Use R = 8314)K mol ™"

1. Krypton has a density of 3.44gdm™ at 25°C and 1.01 X 10N m™2
Calculate its molar mass.
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2. The densn¥ of hydrogen at 273K and 1.01 X 10°Nm™? is 8.96 X
10~2gdm-", Calculate the oot mean square velocity of the hydrogen
molecules under these conditions.

3. Using the equation PV = {mNc? ca]cula(: the kinetic energy of the
molecules in one mole of an ideal gas at

4. Calculate the root mean square veloclty for argon at s.tp. (M(Ar)
= 40.0).

5. A volume of 1.00dm’ is occupied by 1.798g of a gas at 298K and
101 kPa. Calculate the molar mass of the gas.
6. Calculate the ratio of the root mean square velocmes of oxygen and
xenon molecules at 27 °C. (4(0) = 16.0, A(Xe) = 131.)
7. &lculm the root mean squsr: velocity of hydrogen iodide molecules
at27°C. (AN =
8. 2) Calculate the ratio of the root mean square velocity of hydrogen
molecules to the root mean square velocity of argon molecules at
the same temperature.
b) At what temperature will argon molecules have the same root mean
square velocity as hydrogen molecules at 0°C? (A(Ar) = 40.0.)

EXERCISE31  Questions from A-level Papers

1. On decay one atom of the radium isotope %3Ra emits one o pamcl:
which forms an atom of helium gas. A sample of *%Ra produced
4.48x 107*dm? of helium measured at 273 Kand 1 atm (1.01X 10°Pa)
pressure, in a given time.

Calculate the mass of %§Ra which decayed in that time if 1 mol of
helium occupies 22.4 dm* at 273 K and 1 atm pressure.  (WJEC90,p)

2. a) State the ideal gas equation.

b) Gas X has a density of 0.714gdm™ at 273K and 101.3 kPa, and
diffuses twice as quickly as gas ¥’ under identical conditions.
i) Calculate the relative molecular mass of gas X.
i) Name and state the law which relates the rate of diffusion to
relative molecular m:
iii) Calculate the relative molecular mass of Y.
©) i) State van der Waals’ equation for a real gas
ii) Give two properties of real gases for which van der Waals'
cquation attempts to compensate, stating which term in the
equation is responsible for the compensation. (AEB90)

3. a) The ideal gas equation can be written as pV = nRT.
Use this equation to calculate the volume occupied by one mole of
an ideal gas at 300 K and 100 kPa pressure.
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b) An organic compound, X, contains carbon, hydrogen and oxygen
only. When vaporised at 101 kPa and 373 K, 0.100g of X occupied
avolume of 66.7 em”. Calculate the relative molecular mass of X.
On combustion in excess oxygen, 1mol of X produced 2mol of
carbon dioxide and 3 mol of water.
i) What is the molecular formula of X?
i) Write structures for two compounds with this molecular
ormula.
iii) Write a balanced equation for the complete combustion of X
in oxygen.
d) X is a liquid at room temperature. When X is treated with metallic
sodium, hydrogen is evolved.
i) Use this information to deduce the structure of X.
ii) Write a balanced equation for the reaction of X with metallic
sodium, (AEB91)

3

&

Caleulate the value of the product pV (where p is the pressure and
Vs the volume of gas at a fixed temperature T) for one mole of an
ideal gas at 300 K. State the units of this product.

The graph shows experimental values of the product pV for a mass
m of a certain gas G at a fixed temperature 7 (the units have been
omitted from the graph).

<
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i) Give two propertics of molecules which could lead to the
product pV for one mole of a real gas being different from that
for an ideal gas.

i) Which one of these properties results in pV decreasing as p
increases as shown in the graph above?

iii) Using the variables, p, V and T, write an expression for the
relative molecular mass M, which applics to a mass m of an
ideal gas. Use the data in the graph above to calculate the
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relative molecular mass of the gas G, given that the experimen-
tal results were obtained with a sample of 100g of G at 300K
and that the pressure and volume were measured in kPa and
m?, respectively. (JMBI1)

5. A gascous hydrocarbon has the composition, by mass: C, 85.7%;
H, 14.3%.

a) Caleulate the empirical formula of the hydrocarbon.

b) A 025¢ sample of the hydrocarbon has a volume of 100 em? at
stp. Calculate the relative molecular mass and the molecular
formula of the hydrocarbon.

©) i) Draw three possible full structural formulae for the hydro-

carbon.
‘At least one of the structures in ) i) is that of an alkene.

ii) Draw two repeat units of the addition polymer that could be
obtained from one of the alkenes. (©91)
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DETERMINATION OF MOLAR MASS

The gas syringe method

The gas syringe method can be used to find the molar mass of a
liquid with a low boiling point. A small weighed quantity of liquid is
injected into a gas syringe. The volume of vapour formed is measurcd,

its temperature and pressure are noted. From the values of mass
and volume, the molar mass can be calculat

EXAMPLE 1 A gas syringe contains 18.4-cm® of air at 57 °C. 0.187 g of a volatile
liquid is injected into the syringe. The volume of gas in the syringe
is then 54.6 cm? at 57 °C and 1.01 X 10° Pa. Calculate the molar mass
of the liquid.

meTHoD  Using the values P = 1.01X 10°Pa

V = 362cm® = 362X107m®
T = 273+ 57 = 330K
R = 8314]K"'mol!

m

in the equation PV = 2 RT gives
1.01X10°X36.2X107¢ = wX5314X330
M = 140

answer  The molar mass is 140 gmol .

The values of molar mass obtained by this method are not very
accurate. A knowledge of the empirical formula enables the value to
be corrected. For example, if the compound has the empirical formula
CH,0 and an experimental value of 57 g mol™ for the molar mass, one
can see that C;H,0, is the molecular formula, and 60 gmol™ is the
correct molar mass.

ANOMALOUS RESULTS FROM MEASUREMENTS OF MOLAR MASS

Sometimes, an unexpectedly low result for molar mass is obtained.
‘This happens when the molecules of the vapour on which measure-
ments are being made dissociate, causing an increase in the actual
number of paricles present. If 1mole of molecules of XY dissociate
partially into X and Y, and ais the degree of dissociation, then

127



128 Calculations for Alevel Chemistry

EXAMPLE 1

METHOD

ANSWER

Species: XY === X+Y
Number of moles: (1 —a) a« @ Toul = (1+a)
(1= @) moles of XY remain, and a moles of X and & moles of Y are
formed
Thus Actual number of moles  _ 1+a

Expected number of moles 1
Since the volume occupied by a gas s proportional to the number of
‘moles of gas,

Actual volume of gas  _ 1+

Expected volume of gas 1
Since we are finding molar mass from the equation, given on p. 80,
PV = nRT = T RT
where m = mass of substance, and M = its molar mass, if the volume,
V, is greater than expected, M, the molar mass, is less than expected.
Thus

Actual yolume _ Molar mass calculated from formula _ 1+ a
Expected volume Measured molar mass

If the volume is kept constant, the pressure increases instead of the
gas expanding and
Calculated molar mass _ Measured pressure _ 1+a
Measured molar mass  Calculated pressure 1
1f one molecule dissociates into » particles, the expression becomes:
Calculated molar mass _ Measured pressure _ 1+ (1~ 1)a
Measured molar mass  Calculated pressure 1
‘The molar mass of phosphorus(V) chloride at 140 °C is 166. Calculate
the degree of dissociation.
‘The molar mass of PCl = 31.0 + (5X 31.5) = 208.5gmol”!
‘The dissociation which occurs is
PClL(p) === PCl(g + Clp)

Calculated molar mass _ 1+a

Measured molar mass 1

“Thus, 7 = 2,and
Calculated molar mass _ 2085 _ 1+a
Measured molar mass 166 1

Therefore & = 0.26 (26%).
The degree of dissociation is 0.26.
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exampLe2 When 1.00g of iodine is heated at 1200°C in a 500cm’ vessel a

pressure of 1.51X 10?kPa develops. Calculate the degree of dissocia-
tion.

METHOD  Since PV = nRT,
p - 100 8314x1473
254 500%1
= 9.64 X 10°Pa
Observed pressure _ 1.51 X105 _ 1+ (n—Da
Calculated pressure ~ 9.64X 10° 1

Since the dissociation is

Lg === 2@
151X 10°
9.60x10°
Solving this equation gives & = 0.58 (or 58%).

n =12 and

=1l+a

Answer  The degree of dissociation is 0.58.

A measurement of molar mass higher than the value calculated from
the formula is a sign that molecules are associated. In 1mole of A, if
2 molecules of A form a dimer, and if the degree of dimerisation is a,
Species: 24 == A,
No. of moles: (1 —a) w2 Totl = (1—a/2)

Actual no. of moles  _

Expected no. of moles
Actual volume

e S )
Calculated volume

Caleulated molar mass
—_—————— = 1—a/2
Measured molar mass

In general, if # molecules associate,
Calculuted molar mass _ | (n— Da
Measured molar mass n

EXAMPLE 3 A value of 200 is obtained for the molar mass of aluminium chloride.

Calculate the degree of dimerisation of aluminium chloride at the
temperature at which the measurement was made.
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METHOD

Calculated molar mass = 133.5 gmol ™!

Caleulated molar mass _ |«
Measured molar mass 2
1335200 = 1- %
2

« =067

‘The degree of association is 0.67.

EXERCISE 32 Problems on Molar Masses of Volatile Substances

»

©

&

o

‘The gas constant, R = 8.314J K™ mol ™.
latm = 101X 10°Nm™® = 1.01X 10°Pa = 101kPa.

. Caleulate the molar mass of a liquid B, given that 0.850¢ of B pro-

duced 55.5 cm? of vapour (corrected to 5.t.p).
A compound of phosphoms and fluorine contains 24.6% by mass of
phosphorus. 1.000g of this compound has a volume of 178 cm? at
s.t.p. Deduce the molecular formula of the compound.

0.110g of a liquid produced 42.0 cm? of vapour, measured at 147 °C
and 1.01 X 105N m~2, What is the molar mass of the liquid?

0.228¢ of liquid was injected into a gas syringe. The volume of vapour
formed was 84.0cm® at 17°C and 1.01X 105N m™, Calculate the
molar mass of the substance.

0452gof a volanl: solid displaced 82.0 cm? o air, collected at 20°C
and 1.023 X 2, If the saturated vapour pressure of water at
20°Cis 239 X 103Nm %, calculate the molar mass of the solid.

. Fig. 11.1 shows the results of gas syringe measurements on ethanol (©),

propanone () and ethoxyethane (), all at 80°C and 1atm. For cach
liquid, several measurements of the volume of vapour formed after the
injection of a known mass of liquid were made.

Volume/em®

B | | Ethanol o
o . |
L bropanomes
. |
[I—
| |
o Gor o 0 G 020
ey

Fig. 111 Results of gas syringe measurements
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Trace the results on to a piece of paper, and plot the best straight line
through the points for each vapour. Find the slope of each line.

‘The reciprocal of the slope, mass/volume, is the density of the vapour,
p. From the equation

Py = ZRT
M
since 7 = )
i
.

2) Insert the value you have obuained for the density of ethanol
vapour into the equation, and find the molar mass of ethanol. Do
the same for b) propanone, and c) ethoxyethane.

EXERCISE33  Problems on Association and Dissociation
1. 20.85g of phosphorus(V) chloride are allowed to vaporise in a
5.00dm? vessel at 175°C. A pressure of 1.04 X 105N m™? develops.
Calculate the degree of dissociation of PCls into PCIy and Cl,.
2. 10.32 of aluminium chloride are allowed to vaporise in 2 1.00 dm?
vesscl at 80°C. A pressure of 1.70 X 10N m™? develops. What is the
degree of association of AlC], into Al,Cls molecules?

©

Nitrogen dioxide exists in an equilibrium mixture:
NyO4(g) === 2NO(p)

“The relative molar mass of nitrogen dioxide at 25°C is 80.0. What

percentage of the molecules in the mixture is N

-

A sample of iodine of mass 25.4g is vzpunsed in 5200 dm? vesse at
800K. A pressure of 4.32 X 10°N m? develops. Calculate the degree
of dissociation of iodine molecules into atoms.

o

‘The molar mass of iron(111) chloride measured at 900K is 246 gmol ™.
Calculate the degree of dimerisation of FeCly molecules.

VAPOUR PRESSURE

In a liquid, the molecules are in constant motion. Some molecules,
those with energy considerably above average, will have cnough encrgy
to escape from the liquid into the vapour state. If a liquid is introduced
into a closed container, some of the liquid will evaporate. The mole-
cules in the vapour state will exert a pressure. When equilibrium is
reached between the liquid state and the vapour state, the pressurc
exerted by the vapour is called the vapour pressure of the liquid. To
be correct, one should call it the saturated vapour pressure or the
equilibrium vapour pressure. The magnitude of the vapour pressure
depends on the identity of the liquid and on the temperature: it does
not depend on the amount of liquid present.
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ExampLe  The saturated vapour pressure of water at 65°C is 25.05kNm™.
What mass of water will be present in the vapour phase if 10.0 em? of
water are injected into 2 1.000 dm? vessel?

metHOD  Use the ideal gas equation, PV = nRT, and substitute

P =2505X10°Nm™ R = 8.314] K™ mol™
T = 338K V = 1.000dm® = 1.000 X 10~*m?
giving 25.05 x 10° x 1.000 x 107 = x 8.314 x 338
8.92 X 1072 mol
18.0X892X 107 = 0.161g

answer  The mass of water that evaporates is 0.161g.

Amount (mol) of water, 7
Mass of water

EXERCISE 34 Problems on Vapour Pressures of Liquids

1. 10.0cm? of ethyl ethanoate are introduced into an evacuated 10.0 dm*
vessel at 25°C. What mass of ethyl ethanoate will vaporise? Th
saturated_vapour pressurc of cthyl cthanoate at 25°C is 9.55 X

Nm™2,

2. At 95°C, the saturated vapour pressure of bromobenzene is 1.54 X
10*Nm™2. What mass of bromobenzene will vaporise when a small
amount of liquid bromobenzene is introduced into a 2.50 dm? flask
at95°c?

3. At 0°C, the saturated vapour pressure of water is 6.10 X 10°Nm™2.
How many molecules of water vapour will be present in each cm? of
air in a vessel containing ice at 0°C?

4. If analysis shows that 0.0230g of water are present in 1.00dm? of
air at 25 °C, what is the saturated vapour pressure of water at 25 °C?

SOLUTIONS OF SOLIDS IN LIQUIDS: OSMOTIC PRESSURE

A semipermeable membrane is a film of material which can be pene-
trated by a solvent but not by a solute. When two solutions are
separated by a semipermeable membrane, solvent passes from the
more dilute to the more concentrated. This phenomenon is called
osmosis. The pressure which must be applied to a solution to prevent
the solvent from diffusing in is called the osmotic pressure of the
solution. There is an analogy with gas pressure. One mole of a solid,
A, when vaporised, occupies a volume of 22.4 dm? at 0°C and 1.01
X10SNm™2 One mole of A dissolved in 22.4 dm® of solvent at 0°C
exerts an osmotic pressure of 1.01 X 10°Nm™2,




Liquids 133

1 mole of solute in 22.4dm® of solvent at 0°C has an osmotic
pressure of 1.01X 10°Nm™2 (1 atmosphere).

‘The expression which relates osmotic pressure to concentration and
temperature is similar to the Ideal Gas Equation,

7V = uRT
where  is the osmotic pressure, V is the volume, T is the temperature
(Kelvin), n is the amount (in mol) of solute, and R is a constant which
has the same value as the gas constant, 8.314] K'mol™. This
cquation is obeyed by ideal solutions.
‘The osmotic pressure of a solution depends on the concentration of
solute present: it is a colligative property. Measurements of osmotic
pressure can be used to give the molar masses of solutes.

exampLe  Calculate the molar mass of a solute, given that 35.0g of the solute
in 100 dm® water have an osmotic pressure of 5.15 X 105N m™? at

METHOD nV = nRT
wheren = 5.15x 10°Nm™, ¥ = 1.00 x 103 m’,
R = 8314JK "' mol™" (lndT— 293K.

5.15 % 10° x 1.00 x 107 x 8.314 x 293
n=0211
M
M = 166g mol .

answer  The solute has a molar mass of 166 gmol ™.

EXERCISE 35 Problems on Osmotic Pressure

1. Find the osmotic pressure of the following aqueous solutions at 25 °C:
) a sucrose solution of concentration 0.213 mol dm™3
b) a solution containing 144 g dm™? of glucose
©) asolution containing 12.0 g of urea in 200 cm® of solution.

Find the molar masses of the following solutes:

a) 1.50g of A in 200em® of aqueous solution, having an osmotic
pressure of 2.66 X 105N m ™2 at 20°C
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. At 20°C the osmotic pressure of an aqueous solution containi

b) 20.0g of B in 100cm? of aqueous solution, having an osmotic
pressure of 3.00X 10N m~at 27°C
o5 908 of C in 200em? of solution, having an osmotic pressure of
10°Nm™2at 25°C.

A polysaccharide has the formula (Cy3H3;0,),. A solution containi
5.00gdm "> of the sugar has an osmotic pressure of 7.12 X 102N m
at 20°C. Find » in the formula.

A solution of PVC (CH,CHCl),, in dioxan has a concentration of
4.00gdm™ and an osmotic pressure of 65N m"? at 20°C. Calculate
the value of 7.

Calculate the osmotic pressure of an aqueous solution containing
25.0gdm™ of a protein of relative molecular mass 5.00 X 10° at
27°C.

A solution of 2. Ol)g of a polymu in 1dm? of water has an osmotic
pressure of 300Nm™ at 20°C. Calculate the molar mass of the
polymer.

. The osmotic pressure of blood is 7 atm at 37°C. What is the concentra-

tion of the sodium chloride solution which has the same osmotic
pressure as that of blood at normal body temperature (37°C)?

3.221X107gem™ of an enzyme was found to be 5.637 X 10°Nm’
‘What is the relative molecular mass of the enzyme?

SOLUTIONS OF LIQUIDS IN LIQUIDS

How do you express the composition of a liquid-liquid mixture? One
way is by stating the mole fraction of each constituent:
Mole fraction of A in A-B mixture = So-of moles of A
Total no. of moles
A
ant

The vlpour above a mixture of the liquids A and B will contain both
Aand B

Raoul's s staes hat the sawurated vapour pressure of each com-
ponent in the mixture is equal to the product of the mole fraction of
that component and the saturated vapour pressure of that component
when pure, at the same temperature.
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If a = vapour pressure of A,
3 = saturated vapour pressure of pure A,

and % = mole fraction of A, then
Pa = MR pw = X

Raoult’s law s obeyed by mixtures of sifilar compounds. They are
said to form ideal solutions. The vapour above a mixture of liquids
does not have the same composition as the mixture. It is richer in the
more volatile component. The mole fractions of A and B in the vapour
phase arc in the ratio of their mole fractions in the liquid phase
multiplied by the ratio of the saturated vapour pressures of the two
liquids. If { and j are the mole fractions of A and B in the vapour
phase,

e
ook
i ox PR

exampLe 1 Calculate the vapour pressure of a solution containing 50.0 g heptane
and 38.0 octanc at 20 °C. The vapour pressures of the pure liquids at
20°C are heptane 473 Pa; octane 140 Pa.
meTHoD  Amount (mol) of heptane = 50/100 = 0.50 mol
Amount (mol) of octane = 38/114 = 0.33mol
Mole fraction of heptanc = 0.50/0.83
Mole fraction of octane = 0.33/0.83
piheptane) = pOheptanc) X x(heptanc)
= 473X0.50/0.83 = 284.0
ploctane) = p%octane) X x(octane)
= 140X 0.33/0.83 = 55.9

answer  Total vapour pressure = 284.0+ 55.9 = 340Pa.

Two pure liquids A and B have vapour pressures 1.50 X 10*N m™2and
350X 10Nm~? at 20°C. If a mixture of A and B obeys Raoult’s
law, calculate the mole fraction of A in a mixture of A and B which
has a total vapour pressure of 2.90 X 10*Nm™?at 20 °C.
MeTHoD  If g is the mole fraction of A, (1—ny) is the mole fraction of B.
Then, (13 X 1.50 X 10%) + (1 —m,)(3.50 X 10%) = 2.90X 10*
150n, +3.50-3.50n, = 2.90
2.00m, = 0.60
n, = 030

EXAMPLE 2

answer  The mole fraction of A is 0.30.
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EXERCISE 36 Problems on Vapour Pressures of Solutions of Two Liquids

1. Two pure liquids A and B have vapour pressures of respectively
17000 and 35000Nm"? at 25 °C. An equimolar mixture of A and B
has a vapour pressure of 26 000N m™? at 25 °C. Calculate the vapour
pressure of a mixture containing four moles of A and one mole of B
at25°C.

2. Hexane and heptane are totally miscible and form an ideal two com-
ponent system. If the vapour pressures of the pure liquids are 56000
and 24000N m™? at 50 °C calculate:

2) the total vapour pressure, and
b) the mole fraction of heptane in the vapour above an equimolar
‘mixture of hexane and heptane.

3. The vapour pressure of water at 298K is 3. 19 X 10°Pa. What are the

partial vapour pressures of water in mixtures of
a) 27g water and 69 g ethanol

b) 9.0g of water and 92 g of ethanol

at this temperature?

4. A and B are two miscible liquids which form an ideal solution. The
vapour pressures at 20 °C are: A, 40 kPa, B, 32 kPa. Calculate the total
pressure of the vapour in equilibrium with mixtures of:

) 3moles of A and 1mole of Bat 20°C
b) 1mole of A and 4 moles of B at 20°C.

IMMISCIBLE LIQUIDS: SUM OF VAPOUR PRESSURES

Steam distillation

In a system of immiscible liquids, each liquid exerts its own vapour
pressure. md:pmdenr_ly of the other. The vapour pressure of the
system is equal to the sum of the vapour pressures of the pure com-
ponents. This is the basis for steam distillation. Phenylamine will distil
over in steam at 98 °C, although its boiling point is 184 °C. At 98°C,
the sum of the vapour pressures of phenylamine and water is equal
to atmospheric pressure, The ratio of the amounts of the two liquids
in the distillate is equal to the ratio of their vapour pressures:

ONY
o pw
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where 7, and my are the amounts of phenylamine and water in the

distillate, and p, and pyy are the vapour pressures of phenylamine and
water at 98°C

Since n = m/M (where m = mass, M = molar mass)

My M pa
My g pu

‘This equation can be used to find m,/my, the ratio of masses of amine

and water in the distillate. Steam distillation has been used as a

method of determining molar masses. In this case, the masses of

the liquid and water in the distillate must be measured and inserted

into the equation to give the unknown molar mass.

Bromobenzene distils in steam at 95°C. The vapour pressures of
bromobenzene and water at 95 °C are 1.59 X 10°Nm™? and 8.50 X
10N m~2, Calculate the percentage by mass of bromobenzene in the
distillate.

Let the percentage of bromobenzene = y.

Inthecquation it — Pl
M0 o
/157 _ 159x10%
(100—y)/18 ~ 850X 10°
¥ =620

The distillate contains 62.0% by mass of bromobenzene.

EXERCISE 37 Problems on Steam Distillation

*- Theliquid A disisinstesm, Asthe biling poin,the patisl pressurs of
the two liquids are A = 6.59 X 10°Nm™ % H,0 =
the molar mass of A is 95gmol™, what is the percentage by s of
Ain the distillate?

2. Phenylamine, C;H;NH,, distils in steam at 98 °C and 1.01 X 10°Nm ™2,
If the saturation vapour pressure of water is 9.40 X 10N m ™2, what is
the percentage by mass of phenylamine in the distillate?

3. Naphthalene, CjoHy, distils in steam at 98°C and 1.01X 105N m™,
If the vapour pressure of water is 9.50 X 10*N m™3, calculate the mass
of distillate that contains 10.0g of naphthalene.
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Then

giving m, = 5.55g.
If 5.55g of X are extacted by ether, 4.45g remain in the aqueous
solution.

ms [(445 —m) _

25.0
50/ 1000

giving my = 247g.
Total mass of X extracted by ether in two portions = 5.55g + 2.47¢
= 8.02g.

(Note that this is greater than the value of 7.14 g calculated for the
‘mass of X extracted by using all the ether at once.)

Partition can be used to investigate an equilibrium in aqueous solution
between a covalent species and an ionic species, for example, the
equilibrium

Laq) + 1) == 1,"ag)
Only the covalent I molecules will dissolve in an organic solvent. If
an aqueous solution of iodine in jodide ions is shaken with an organic
solvent, the concentration of iodine in the solvent can be measured
and divided by the partition cocfficient to give the concentration of
fodine molecules in the aqucous layer. The concentration of iodine
combined as I ions is obtained by subtracting the free iodine from
the total iodine concentration. The concentration of 1- ions is
obtained by subtracting [I;”) from the original concentration of 1~
fons

lodine is dissolved in water containing 0.160 mol dm™? of potassium
iodide, and the solution is shaken with tetrachloromethane. The con-
centration of iodine in the aqueous layer was found to be 0.080mol
dm™% that in_the organic layer 0.100moldm™>. The partition
cocfficient for iodine between tetrachloromethane and water is 85.
Calculate the equilibrium constant for the reaction:

Ij(aq) + 17(aq) === I,"(ag).

Since (1] in CCl, = 0.100moldm~*
[1,) free in water = 0.100/85 = 0.00118moldm™
(1] total = 0.080moldm™?
[1,] combinedasI,” = 0.080—0.00118 = 0.0788 mol dm™*
(1" total = 0.160mol dm~*
(17] free = 0.160 —0.0788 = 0.0812moldm™>
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) ) On a copy of the graph, plot accurately, on the same axes, a
line showing the variation of total vapour pressure with com-
position for these two liquids. Label this line X.

i) Draw a line on the same axes to show the variation in total
vapour pressure with composition if mixtures of propan-2-ol
and benzene obeyed Raoult’s Law. Label this line V.

b) What would be the vapour pressure of benzene above a mixture

containing a mole fraction of 0.6 of propan-2-ol?

©) A mixture contains 7.20g of propan-2-ol and 2.34g of benzene.

What would be the observed vapour pressure above this mixture?
(Relative atomic masses: H=1, C=12,0= 16.)

d) i) Would a mixture of propan-2-ol and benzene show a positive
or a negative deviation from Raoult’s Law?

i) Explain clearly, in terms of the intermolecular forces involved,
how this deviation from Raoult’s Law arises.
iii) Does this deviation lead to a minimum or a maximum boiling

point
iv) Name one liquid likely to form a mixture with benzene which

obeys Raoult’s Law and explain briefly why it would do so.
(L92)

. State Raoult’s Law as it applies to mixtures of methanol (b.pt. 64°C)

and ethanol (b.pt. 78°C) which behave ideally, and explain the reasons
for this ideal behaviour.

Give a fully labelled diagram showing the relationship between boiling
temperature and composition for mixtures of methanol and ethanol.
Give full practical details for the fractional distillation in the labora-
tory of a mixture of methanol and ethanol in which the mole fraction
of methanol is 0.2 and, by reference to your temperature-composition
diagram, explain the principles of the process.

At a particular temperature, the vapour pressures of pure methanol
and pure ethanol are 81 mmHg and 45 mmHg, respectively. Calculate
the partial pressure of each component above a mixture of 64g of
methanol and 46 g of cthanol at this temperature.

Mixtures of benzene (b.pt. 80°C) and ethanol show a negative devia-
tion from Raoult’s Law. Give a fully labelled temperature-composition
diagram for such mixtures and state and explain what happens when
benzene is added to cthanol.

(Relative atomic masses: H=1, € =12, 0=16) (L90)

. This question is concerned with the extraction of caffeine from tea

leaves. Tea leaves contain between 3% and 5% by mass of caffeine.
The caffeine can be extracted initially with hot water, in which it is
fairly soluble (18g/100¢ water at 80°C; 2.2g/100g water at 20°C).
Coloured impuritics such as tannic acids can be removed as calcium
salts by adding calcium carbonate. After filtering, the caffeine in the
filtrate is extracted by shaking with a number of successive portions of
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dichloromethane to produce a caffeine solution in dichloromethane.

Most of the solvent is distilled off to produce a concentrated solution

of caffeine in the organic solvent, and this solution is then evaporated

over a water bath to yield the crude product.

The product is purified by dissolving it in hot methylbenzene (10 em?

is correct for about 30 of tea as starting material), adding 15-20 em?

of hexane, filtering hot and allowing the filtrate to cool. The erystals
are often greenish in colour.

a) Using the basic description set out above, describe the extraction
of caffeine from tea leaves in sufficient detail to allow an Adevel
student to carry out the experiment. Begin with 30g or so of tea
leaves. Safety considerations should be stressed where appropriate.

b) What name is given to the process where methylbenzene and hexane

are used? Explain briefly how this process removes both soluble

and insoluble impurities.

When a substance X, dissolved in a particular solvent, is shaken up

with another solvent which is immiscible with the first, an equili-

brium of the form

o

[Nowenes === [X]sotven 2
is established. Use the equilibrium law to derive a relationship
between the concentrations of X in solvent 1 and solvent 2 when
equilibrium is attained.
Starting with 100cm® of an aqueous solution containing 10g of
X, and given that the equilibrium constant is 1, show that it is
more efficient to extract the caffeine, X, with two portions of
dichloromethane of volume 50 cm® rather than with one portion
of volume 100 cm?. (Note that one 100 cm? portion will distribute
the 10g as 5 g into each solvent.)
d) i) Tea leaves contain many other organic compounds. Explain
why this method is suitable for the isolation of one specific

compound.
i) Explain how the calcium carbonate allows the removal of
tannic acids. (L91)

1. Anhydrous iron(lI) chloride sublimes at 315 °C. It is obtained as dark
green crystals by passing dry chlorine over heated iron wire. The figure
shows an incomplete diagram of the apparatus used for this prepara-
tion.

oy

o —

(1A N

Hoa
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a) Write an equation for the reaction.
b) Copy and complete the diagram by showing how the iron(I1)
chloride may be collected. Include a means of keeping the whole
of the apparatus

At 400°C and 1.00 atmosphere pressure, 3.00g of anhydrous
iron(IlI) chloride occupies a volume of 510cm’. Work out the
apparent relative molecular mass of iron(lll) chloride at this
temperature and hence suggest a formula for the molecular species
present.

(1 mole of any gas under these conditions occupies a volume of
55.2dm?)

A solution of iron(11I) chloride may be reduced to iron(11) chloride
by passing hydrogen sulphide through it.

2FeClyaq) + H,S(@g) —= 2FeClyag) + 2HCl(ag) + S(s)

For this reaction write;
i) a half-cquation for the reduction process
ii) a half-cquation for the oxidation process.
€) State two characteristics of a transition metal, such as iron.

(090,A8)

o

e

. a) Name the best method for:

i) the separation of ammonium chloride from a mixture of this
salt with potassium chloride.

i) the separation of argon from liquid air on a commercial scale.

b) i) State the partition law for a solute X between two immiscible
solvents Pand Q.

i) A solute X is soluble without change in water and cthoxy-
ethane, being 4 times more soluble in the latter. Calculate the
quantity of X extracted from 1dm® of an aqueous solution of
X, concentration 5moldm™, when the aqueous solution is
shaken with 1) 500cm® of ethoxyethane, 2) two successive
250cm’® portions of ethoxyethane, and comment on the
results.

©) Give a qualitative account of:

i) gas-liquid chromatography

i) paper chromatography.

In cach case outline the experimental procedure and indicate the

underlying principles. (090)
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ELECTROLYSIS

Electrovalent compounds, when molten or in solution, conduct
electricity. The conductors which connect the melt or solution with
the applied voltage are called the electrodes. The positive electrode is
called the anode; the negative electrode is the cathode. Chemical
reactions occur at the electrodes, and elements are deposited as solids
or evolved as gases. These reactions are called electrolysis.

If the compound is a salt of a metal low in the electrochemical series,
the metal ons are discharged, and a layer of metal is deposited on the
cathode.

‘The electrolysis of a solution of a silver salt to d:posl( alayer of silver
on the cathode is carried out as shown in Fig. 12.1

Positve terminal Negativeterminal
of battery ~——| o_——of battery

Anode.

Sive i
ion
Fig.12.1  Electrolysis of silver nitrate solution
‘The cathode process is
Agrag) + & — Agls)

According to this equation, one mole of silver ions accepts one mole
of electrons to form one mole of silver atoms.

By weighing the cathode before and after the passage of the current,

the mass of silver deposited can be found. By measuring the current
with a milliammeter and timing the electrolysis, one can work out the

quantity of clectric charge which has passed

in coulombs (C).
One coulomb _ 5 aypere of current flowing for one second
of charge

Charge in coulombs (C) = Current in amperes (A)
X Time in seconds (s)
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Another method of tackling the problem is to construct an enthalpy
diagram:

According to Hess's law, the change in standard enthalpy when carbon
and hydrogen burn to form carbon dioxide and water is the same as
the sum of the standard enthalpy changes when carbon and hydrogen
combine to form cthyne and then ethyne bums to form carbon
dioxide and water. Thus, in the above diagram,

= AHF+ AHP
Purting
AH® = 2(AH* for combustion of C) + (AH* for combustion of Hy)
gives
AHF = 2(—394) + (—286) = —1074
AHF = AHf —AHF = —1074—(—1300)
AH = +226K] mol™  (as before)

Calculate the standard enthalpy of formation of propan-1-ol, given the
standard enthalpies of combustion, in k) mol™: C;H,0H(), —2010;,
C(s), —394; Hy(g), —286.

Again, s the equation for combustion is the basis for the calculation,
it must be carefully balanced:

CHOH() +410,(5) ——#= 3COsg) + 41,000 AH® = —2010k)mol ™
Putting the standard enthalpies of formation of COx(g) and H,0(1)
into the equation, as in Example 1, give

CyH,OH(+4505(5) —8= 3CO,(g)+4H,00); AH® = —2010k] mol™

AHF (CHO0H) 0 3(—394) 4(—286)
Since
‘Standard ‘Standard ‘Standard
enthalpy change] = { enthalpy content) — ( enthalpy content
for reaction of products of reactants

—2010 = 3(—394) + 4(—286) — AH;(C;H;OH(D)
AH(CH,0H()) = —316k] mol™

The standard enthalpy of formation of liguid propan-i-ol is
—316K] m
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METHOD2  The enthalpy diagram for the formation of propanol is

360,61+ 4H,00)

AHP = 3(AH" for combustion of C) + 4(AH* for combustion of H;)
= 3(—394) + 4(—286) = —2326
According to Hess's law,
AH = AHF + AHF
¥ = AH{ — AHS"
AHP = —2326—(~2010)
ANSWER AH = —316kJ mol™  (as before)
You will have noticed in both Examples 1 and 2 that

Sum of standard\  /Sum of standard
(Sundard enthalpy) _ ( enthalpiesof | _ [ enthalpies of
of reaction =\ combustion of combustion of
reactants products

STANDARD ENTHALPY OF REACTION FROM STANDARD ENTHALPIES
OF FORMATION

The standard enthalpies of formation of the reactants and products
can be used to give the standard enthalpy of a reaction.
exampie 1 Calculate the standard enthalpy of the reaction
CH,=CHy(g) + Hyg) — CHCH (g
given that the standard enthalpics of formation are: ethene, +52,
ethane, —85 kJ mol ™
meop  Put the standard enthalpy content of each species into the equation
(units kJ mol™):
CH, = CHy(g) + Hig) —» CH,CHi(g)
+52 o —8.
Standard enthalpy| _ (Standard enthalpy) _ (Standard enthalpy’
of reaction of product of reactants
= —85—(52+0) = —137
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energy re um:d 1o break the first C—H bond in methane is not the
same as that required to remove a hydrogen atom from a methyl
Tadical, In the disociation,

CHyg) —» C(g) + 4H({):; AH™ = +1662k]Jmol™

Dividing the sndard cnthalpy change between the four bonds gives
an average value for the C—H bond of 416 kJ mol™. This value is
called the average sundid bond enthalpy for the C— H bond.

Tables of average standard bond enthalpies make the assumption that

 standard enthalpy of a bond is independent of the molecule in
Wwhich it exists, This is ‘only roughly true, Since standard bond
enthalpies vary from one compound to another, the use of average
standard bond enthalpics gives only approximate values for standard
enthalpies of reaction calculated from them. Experimental methods
are used to obtain standard enthalpies of reaction whenever possible.
Calculations based on average standard bond enthalpics are used only
for reactions which cannot be studied experimentally — for example,
the reactions of @ substance which has not been isolated in a pure
state.

Average standard bond enthalpy is often called the bond energy term.

One can say that the bond energy term for the C—H bond is
416 )] mol~". The sum of all the bond energy terms for a compound is
the standard enthalpy change absorbed in atomising that compound in
the gaseous state. The standard enthalpy of formation of a compound
includes the sum of the bond energy terms and also the standard
enthalpy of atomisation of the carbon atoms and the standard
enthalpy of atomisation of the hydrogen atoms.

Calecane the sndard exehulpy of formation o methane, C—H bond
cnergy term = 416 k] mol™!; standard enthalpies of atomisation are
COZ 716K mol 1 3 1H,(g) = 217.5 k] (mol Hatoms) ™.

The sum of the bond energy terms in methanc = 1662 K] mol™.
Putting this information into the form of an equation, and writing
the standard enthalpy content of each species underneath its formula,
we get

Cg) + 4H(g) —= CHy@): AH® = —1662k] mol™"
(716)  #(217.5) AHF

‘The values 716 and 217.5 are the standard enthalpies of formation of
gascous carbon and hydrogen atoms from the elements in their
standard states.
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Since
Sum of standard)  /Sum of standard
Standard ""'“‘PY) = (enchalpies of ) — ( enthalpies of )
ang products. reactants
—1662 = AH{ —716 —4(217.5)
ANSWER AHE = =76k mol ™"

meTHoD2  The information can also be represented in the form of an enthalpy
diagram:

i+ 2l0)

clo)+anig)

AHF = AH® of atomisation of C + 4AH* of atomisation of H
AHP = —(Sum of bond energy terms for CHy)
According to Hess's law,
AHE = AP + AHT
= 716+ 4(217.5) - 1662
ANSWER AHE = ~76kJmol™"  (as before)

STANDARD ENTHALPY OF REACTION FROM AVERAGE STANDARD
BOND ENTHALPIES

Mean standard bond enthalpies can be used to give an approximate
estimate of the standard enthalpy change which occurs in a reaction.
During a reaction, energy is supplied to break the bonds in the
reactants, and cnergy is given out when the bonds in the products
form. The difference between the sum of the standard bond enthalpies
of the products and the standard bond enthalpics of the reactants is
the standard enthalpy of the reaction. The value obtained is less
reliable than an experimental measurement.

exampLe 1 Calculate the standard enthalpy of the reaction
H,= CHy(g) + Hap) —» CHCHi(g)

Mean standard bond enthalpies are (in k] mol™): C—H, 416; C=C,
612;C—C, 348; H—H, 436.
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lonisation of sodium

Na(g) — Na'() + ¢ AH” = ionisation energy of
sodium

) Dissociation of chlorine molecules
iCli(g) — Cl(g): AHy = } standard bond dissociation
enthalpy of chlorine
d) Tonisation of chlorine atoms

Cllg) + e —»= Ci(g); AHy = electron affinity of
chlorine

© Reaction between ions
Na'(g) + Cl(g) —= NaCl(s); AH;" = standard lattice
enthalp

Definitions of the standard enthalpies used above are:

‘The standard enthalpy of sublimation is the heat absorbed when one
mole of sodium atoms are vaporised.

The ionisation energy of sodium is the energy required to remove a
mole of clectrons from a mole of sodium atoms in the gas phase.

The standard enthalpy of bond dissociation of chlorine is the enthalpy
required to dissociate one mole of chiorine molecules into atoms.

‘The electron affinity of chlorine is the energy absorbed when a mole
of chlorine atoms form chloride ions. It has a negative value, showing
that this reaction is exothermic.

The standard lattice entbalpy is the cnergy absorbed when one mole

of gaseous sodium ions and one mole of gaseous chloride ions form
one mole of crystalline sodium chloride. It has a negative value.

‘The steps in the Born-Haber cycle are represented as going upwards if
they absorh energy and downwards if they give out energy (sec
Fig. 13.3).

According to Hess's law, the standard enthalpy of formation of
sodium chloride is equal to the sum of the enthalpy changes in the
various steps:

AHP = AHS™ + 1AHS + AHY + AL + AHP
= 4109 + 121 + 494 — 380 — 755 = —411kJ mol™!

In practice, it is easier to measure standard enthalpies of formation
than to measure some of the other steps. The electron affinity is the
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hardest term to measure experimentally, and the Born-Haber cycle is
often used to calculate electron affinities.

Na'lg

an
auz
E a4
e . y
1amz LL o |
Nalg) + {Cilg) ]—“ |
Rt A
Loz

T Jaws

Nacile)

Fig.13.3

EXERCISE48  Problems on Standard Enthalpy of Reaction and Average
Standard Bond Enthalpies

1. The following are standard enthalpies of combustion at 298K, in
K mol1:

C(graphite)  —394  C,H(g) —1561 CH,l) —3510
Hy®) —286  CH,=CHy(g) —1393 CH=CH(g)—1299
CH,COH() —876 CHOH(®) —1400 CH,OH() —715
CH(® —2542 CHOCHJ(g) —1455 CHOH(® —1444
CHu(®) —891  C;Hy(g) —-2220
CH,CO:CoHy() —2246  CgHy(l) —3924

2) Calculate the standard enthalpy change for the reaction:
2C(graphite) + 2Hy(g) + Os(g) —= CH,COH()

b) Calculate the standard cnthalpy change of formation of
buta-1, 3-diene, C.H(g).

©) Calculate the standard enthalpy of formation of methane, CHa(g)
and of ethene, CH,= CH(g

d) Calculate the standard enthalpy change in the hydrogenation of
ethene(g) to ethanc(g).

€) Calculate the standard enthalpy change for the theoretical reaction:

CH,OCH,(g) — C,H:OH(g)
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f) Calculate the standard enthalpy of formation of propane(g) and
of butane(l).
) Calculate the standard enthalpy of formation of methanol(l),
ethanol(l), echylethanoate(1) and cyclohexane(l).
Calculate the standard enthalpy change of the reaction
Anhydrous copper(il) sulphate + Water ———m= Copper(ll) sulphate-S-water
Use the values for the standard enthalpy of solution:
2) anhydrous copper(II) sulphate, —66.5 kJ mol
b) copper(il) sulphate-5-water, 11.7 k] mol ™.

. Calculate the standard enthalpics of formation of: a) sulphur dioxide,

b) carbon dioxide, and ) steam. On burning in excess oxygen under
standard conditions (1atm, 298 K): 1.00g of sulphur evolves 9.28 kJ;
1.00g of carbon evolves 32.8kJ; and 1.00dm® (at 1atm, 298K) of
hydrogen cvolves 12.76kJ of heat.

. Calculate the standard enthalpy change in the reaction

PbO(s) + CO(g) —= Pb(s) + COig)
The standard enthalpics of formation of lead(ll) oxide, carbon
monoxide and carbon dioxide are —219, —111, and —394KJ mol
respectively.

Calculate the standard enthalpy change for the reaction
Fe,0s) + 2Als) —= ALOJs) + 2Fe(s)

The standard enthalpies of formation of iron(I) oxide and aluminium

oxide are —822 and — 1669 k] mol ™!, State whether the reaction is

exothermic or endothermic.

The standard enthalpy of combustion of rhombic sulphur is
—296.9k] mol™* and the standard enthalpy of combustion of mono-
clinic sulphur is —297.2 kJ mol™!. Calculate the standard enthalpy of
conversion of monoclinic sulphur to thombic sulphur.

. The standard enthalpies of formation of CO,(g) and H,0(g) are —394

and —242 k] mol-!. The standard enthalpy of combustion of ethanc is
~1560k] mol\. The standard enthalpy of reduction of ethene to
ethane by gaseous hydrogen is —138K) mol™. Calculate the standard
enthalpy of formation of ethene.

Given che standasd enthlpy change of formation of MgO =~ 602
Kjmol™ and of Al,O,=- 1700k mol, calculate the standard
enthalpy change for the reaction

ALO; + 3Mg —= 2Al + 3MgO
Does your answer tell you whether magnesium will reduce aluminium
oxide?
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at 298 K:
CHy@
6.

9. The following are standard enthalpies of formation, AH;, in k] mol™

—76; CO,(g), —394; H;0(]), —286; H,O(g).—-MZ NH;(g),

—46.2; HNOS(1), —176; C;H;OH(1), —278; CgH,4(1), —210.
a) Calculate the standard enthalpy change at 298K for the reaction
CHyg) + 204(g) — COxp) + 2H,00)
b) Calculate the standard enthalpy change for the reaction
INf® + IH,0@) — NHyp) + 10:(g)
©) Calculate the standard enthalpy change for the reaction
iNJg) + IH0(p) + $0,(5) — HNO(I)
d) C:.lculztc the enthalpy change which occurs wh:n each of the
pletely under

following is bu com, standar
i) 1,00k hycrogen, i) 1.00 kg echanol®), i) IDDkg octane(l).

3

bond energy te

irned

conditior

‘What is meant by the terms standard bond dissociation entbalpy and

The standard bond dissociation enthalpies for the first, second, third

and fourth C—]

H bonds in methane are 423, 480, 425 and 335

kJmol™! respectively. Calculate the C—H bond energy term for

methane.

11. Consult the average standard bond enthalpies and standard enthalpies
of atomisation (in kJ mol ™) listed below:
c=0

612

360
463

H

—Cl

c—cl

c—

H

Br
—Br

743
432
338
276
366

Clgraphite)
Mg
10:(g)
iBri(g)
10

718
218
248
96.5
121

a) Calculate the standard enthalpy of formation of ethane and of
ethene.

b) Find the standard enthalpy change for the reaction,

H;=CH—CHy(g) + Bryg) — CH,BrCHBrCHs(g)
©) Find the standard enthalpy of formation of methoxymethane,

CH,OCH,(®).

d) Calculate the standard enthalpy of formation of gaseous ethyl

ethanoate, CH3CO,C,Hy(g).
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€) Calculate the standard enthalpy of formation of benzene, assuming
its structure is

W \c‘/\n

Explain the difference between the value you have calculated and
the value of 83kJmol™ obtained from measurements of the
standard enthalpy of combustion.

£) Find the standard enthalpy of formation of gaseous buta-1,3-diene,
CH; = CH—CH=CH(g). How does this value compare with the
value you obained in Question 1(b) from the standard enthalpy
of combustion? How do you cxplain the difference?

Estimate the standard enthalpy changes for the reactions:
i) ClI* + CH, — CH(Cl + H-

i) Cl* + CH, —= CH,” + HCl

Which of the two reactions will occur more readily?

=

12. Use the data below to draw an energy diagram for the formauon of
potassium chloride. Calculate the electron affinity of chlo

Standard enthalpy of sublimation of potassium 90 ) ol
Standard enthalpy of ionisation of potassium 420k} mol™*
Standard enthalpy of dissociation of chlorine 244 k) mol™!
Standard lattice enthalpy of potassium chloride —706k] mol™!

Standard enthalpy of formation of potassium chloride = —436 kJ mol ™

13. Using the following data, which is a set of standard enthalpy changes,
calculate the standard enthalpy of formation of potassium chloride,
KCl(s):

AH/k] mol ™!
KOH(ag) + HCl(aq) —# KCl(ag) + H.O() —573
Hyg) + 10,(e) — H,0() —286
IHyg) + iCl(g) + aq —w HCl(aq) —164
K(s) + 104g) + IHyg) + aq — KOH(aq)  —487

KCls) + aq —» KCl(ag) +18
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For a physical or a chemical change to oceur, AG for that change must
be negative. The change is therefore assisted by a decrease in enthalpy
(AH negative) and by an increase in entropy (AS positive).

If the change takes place under standard conditions, i.c. with cach
reactant and product at unit concentration (or pressure), then the
free energy change is equal to the standard frec energy change, AG .
When reaction takes place under non-tandard conditions, AG, the
free encrgy change differs from AG®as AG depends on the concen-
tracions (or pressures) of the reactants and products, It & easy o
obtain AG * from tables of standard enthalpics and standard entropics,
but one really wants to know the value of AG for the real conditions,
and this s not easy to compute. However, if AG has a sufficiently
large positive or negative value, AG * may determine the feasibility of
reaction over  large range of concentrations (or pressures).

CALCULATION OF CHANGE IN STANDARD ENTROPY

‘The standard entropy change of a process is given by:

(standard | _ fSum of standard _ (sum of standard
mepy change] ~ | entropies of products| ~ |entropies of reactants

wxanee 1 Glenla dhe srandard enteopy change for the raction of clorine and
e, given the values (in J K~ m

‘(cl,(g)) = 223; 5*(CH,=! CH;(g)) = zw; S(CH,CICH,CI(D) = 208.
METHOD  The equation for the reaction is
CH,=CHy(g) + Cl(g) — CH,CICHCI()
§*(product) = 208] K™ mol™!
§°(reactants) = 219+223 = 442J K™ mol™
AS® = 208—442 = —234J K mol ™!
answen  The standard entropy change for the reaction is —234 K™ mol .

The negative sign means a decrease in disorder. Since two moles of gas
have formed one mole of liquid, this is what one would expect.

CALCULATION OF CHANGE IN STANDARD FREE ENERGY

‘The change in standard enthalpy, the change in standard entropy and
the temperature must be known and inserted into the equation

AG® = AH®—TAS®
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~

© Hy® + 10g) — H00

d) Hyg) + CHig) — Cilg)

© N0 — 2NO,()

) Nas) + iClfg) —s= NaCl(s)

£) NHCIs) — NHyg) + HClGg)

h) 4HNOJ() — 4NOy(p) + Ox®) + 2H,00)
Predict whether the following reactions will have a positive or negative
value of AS®:

a) NHNOys) — N;0(g) + 2H,0(g)

b) 2H;0,(aq) —= 2H,00) + Os(g)

c) PHyg) + HI(g) — PH,I(s)

d) 30,(5) — 204(g)

) COg) + C(s) —= 2CO(g

) Ni(s) + 4C0() —= Ni(CO)i(g)

. Usc the following values of standard entropy content and standard

enthalpy of formation to calculate standard free energy changes:

Substance AHg/KJmol™  §°/J K™ mol™
HgO(s) (red) —90.7 72.0
HgO(s) (yellow) —90.2 73.0
HgS(s) (red) —58.2 778
HgS(s) (black) —54.0 833

a) Calculate the value of AG* for the change
HgO(s) (red) ——= HgO(s) (yellow)
at 25 °C and at 100°C. At what temperature will the change take
place?
b) Calculate the value of AG* for the change
HgS(s) (red) ——= HgS(s) (black)
at 25 °C. At what temperature will the change occur?

.7kJmol™ and $7=301]JK " mol™;

Cisbut2-ene has AHZ
—10.1kJ mol™ and §* =296 ] K™ mol ™.

transbut-2-ene has AHF
Calculate

) AG® for the transition cis-but-2<ne ——# trans-but-2-ene and
b) for the transition trans-but-2-ne ———#- cisbut-2-ene

Which is the more stable isomer?
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EXERCISE 50 Questions from A-level Papers

1. 2) State Hess's law.
b) i) Define bond dissociation enthalpy for a diatomic molecule.

ii) Write the equation for the reaction for which the enthalpy
change is equal to that of the bond dissociation enthalpy of
iodine (+151.1 k) mol ).

iii) Write the equation for the sublimation of iodine and calculate
the value of AH for this process, given

L) — 1®) AH = +106.8k] mol™. (JMB91)

*2. 2) The carbon~carbon bond lengths in cthane, ethene and benzene
are 154 pm, 133 pm and 140 pm respectively. Discuss the bonding
in these threc compounds, and show how it accounts for the
observed bond lengths.

b) The enthalpy change for the combustion of hydrocarbons in excess
oxygen in the vapour phase at 298 K can be estimated by assuming
the following contributions for each type of bond.

Type of bond Contribution to AH compustion/k) mol™*
c—H —226
c—C —205
c=C —489

The messuced alue of Af;orn for benzent n the vapour phsse
at 298 K is —3298 kJ mol
Estimate the enthalpy dmnge for the combustion of benzene, and
comment on any difference in relation to the structure of benzene.
@) ) How may bemene be convericd into phenylethanone,
CoH,COCH;, and what is the mechanism of the reaction?
Why i substturion raher than an addition product ormed?
ii) Excess phenylethanone reacts with hydrazine, NH,~NH,,
give a compound Cy¢HyoN;. Give a structural formula for ‘s
compound. (090,5)
3. ) State and explain the similarities and differences between the
crystal structures of sodium chloride and caesium chloride, using
diagrams where appropriate.
b) Some energy data are tabulated below.

Process AH®(298 K)/k] mol ™
Na(s) — Na(g) +108
1Cl(g) — Cllg) +121

a(g) — Na'(g) + e +496
c@ + e X —349

g) — c“(g) + z:- +1736
Ca¥'(g) —= Ca¥(g) 3 +4941

Ca®(g) + 2CI°(g) — CaCl 2(s) —2220
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n"(x) + 3C°()) —» CaCly(s) —4800 (cst)
Cl(s) — Nz’(g) + C(g) +787
NaCl(s) + water —— a'(aq) + Cl7(aq) +4
Usmg this information,
calculate the standard molar enthalpy change for the process
Na(s) + iClL(g) —» Na'(g) + Ci()
ii) explain why CaCly(s) does not exist but CaCly(s) does
iii) comment on the difference between the values of the enthalpy
change of lattice breaking of NaCl(s) and the enthalpy of
solution of NaCI(s) in water and define a term which is useful
in this context
iv) discuss the processes occurring at the molecular level when
solid sodium chloride dissolves in water.
©) State and discuss the general principles which govern the extent
to which compounds are soluble in water. (WJEC90)
4.2) i) Define the term lattice enthalp;
i) State and explain the effect of ionic charge and ionic radius
on the magnitude of the lattice enthalpy of a salt.
b) Explain briefly why the entropy change (AS) is positive for the
dissolution of an ionic solid in water.
Calculate the temperature at which a reaction for which the
enthalpy change (AH) is +100k) mol™ and the entropy change
(4S) is +0.04k] K'mol™ would become energetically feasible.
Explain the reasoning behind your calculation. (AEB90)

1S

o

‘The industrial ion of the polymer, p
PTFE, is based on the synthesis of the monomer temafiuorocthene,
CF,=CF, which is produced by thermal cracking of chlorodifluoro-
methane, CHCIF,, according to reaction (1) below.

2CHCIF,(g) === CF,=CF,(g) + 2HCi(g) [¢9)
Here the CHCIF, is diluted by superheated steam, which also acts as
the heat source.
The monomer CF=CF, isalso abtained via reaction (2).

2CHFy(g) === CF,=CFy(g) + 2HF(g

AH® = +198.1Kk] mol ™! (

Consider this information, together with the data in the table below,
and answer the following questions.

Compound ka,"fl_. Compound /kJA,’n{(':,. il
HCl(g) —92.3 CFy(g) —679.6 F—F(g) 154.7
CHCIF,(g) | —4852 cal@® | —1066 | a-Cl) | 2467
CF,=CFy(g) | —6583
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a) i) Calculate the value of the enthalpy change, AH®, for reaction
(1). State, giving your reasons, how you would expect the yield
of the tetrafluoroethene monomer to be affected by: 1. increase
of temperature and 2. increase of pressure. In the latter case
explain how your conclusion is compatible with the experimen-
tal conditions described.

ii) Indicate and explain whether there are any drawbacks to the
use of reaction (2) which would make reaction (1) preferable.

b) i) Use the expressions

CXy)) — C(s) + 2Xy(g) AH® = —AH%

Cs) — Clg)  AH® = +718.0kJmol™
and
2X:(5) —> 4X@)  AHT = 2D(X—X)
where X =F, Cl, to calculate A for the two processes
CX(® — Cp) + 4X(@.

Hence find the average C—~X bond energies for the species

CXy(g) (where X =F and X =Cl). Given that the average

C—H bond energy is 416.1 k] mol™!, explain the implications

of your results for the relative chemical reactivities of C—H,

C—F and C—Cl bonds.

Chlorofluorocarbons (CFCs) are widely used as propellent gases

for aerosols. In the upper atmosphere, photochemically induced

homolytic fission of one of the carbon-halogen bonds of CFCs
produces halogen radicals which then attack the ozone layer.

Use your results from b)i) above to suggest which halogen

is likely to be the dominant cause of such damage.  (WJEC92)

6. The Born-Haber cycle below represents the encrgy changes occurring
at 298K when potassium hydride, KH, is formed from its clements.

AH

2K(s) + Hy(g) ———2KH(s)

v x

2K(g) + 2H(g) z

w y

2K*(g) + 2H(g)
Enthalpy of atomization of potassium = 90kJ mol™
First ionization energy of potassium = 418kJ mol
Bond enthalpy of hydrogen 436 k] mol™*
First electron affinity of hydrogen —78k) mol™*
Lattice enthalpy of potassium hydride = —710k] mol™!
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d) Given that the enthalpy of solution of the hydrated copper(il)
sulphate is +11.3k] mol™!, calculate the enthalpy of hydration
of the anhydrous solid.

€) Comment on the following statements, which may be either true
or false:

i) ‘If the enthalpy change for a reaction is negative then that
reaction will take place very quickly.”

ii) “The C—Cl bond energy is very high, making that bond very
difficult to break and so_compounds containing the C—Cl
bond are generally unreactive.’

iil) “A caalyst speeds up a chemical reaction by making the
enthalpy change for the reaction, AH, more negative.”

(Specific heat capacity of water =4.18Jg ' K™)  (O&C90,AS)

10. Chemical companies manufacture containers filled with liquid butane

for use by campers. The enthalpy change of combustion of butane is

—3000kj mol!.

a) Write an equation for the complete combustion of butane.

A camper estimates that the liquid butane left in a container would

give 1.2dm? of butanc gas (measured at ordinary temperature and

pressure).

b) Calculate the mass of water at 20°C that could be brought to the
boling point by burning this butane: use the following informa-

Assume that
0% of the hearfrom the buaane i buorbed by she water,
the specific heat capacity of water s 4.2 ]
1 mol of a gas occupies 24 dm® at ordinary t:mp:r:tums and
pressures.
© Suggest how the camper might have estimated how much butane
wasleft in the container.
d) When burnt in a limited supply of air, butane forms carbon and
steam.
i) Construct a balanced equation for this reaction.
‘The enthalpy change of this reaction is —1400 k) mol ™.
if) Explain why the enthalpy changes of these two combustion
reactions are different.
iii) What additional quantitative information can be calculated
from this difference? (con

. a) State the first law of thermodynamics and discuss the relation-

ship between this law and Hess's law.

Describe how you could measure the molar enthalpy of combus-
tion (AH,) of cthanol by a simple laboratory experiment. Discuss
the practical precautions which would be necessary to minimise

-4
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experimental error. Explain how a value for AH, could be calcu-
lated from the experimental results.

©) Methanol can be produced from methane by a two-step process.
Step 1 CHy(g) + H0() === CO(g) + 3Hqg)
Step 2 CO(g) + 2Hg) === CH;OH(g)

i) Use the following cnthalpics of combustion to calculate the
enthalpy change, AH, for each of the two steps.

[ ciie [ col | Hig) | CH:OHG) |
Al mol T | —808 | —283 | ~245 | 671

(Note  Where water is a product of combustion the figures
refer to the formation of H,0(g).)
i) Discuss how changes in temperature and pressure will affect
the yield of products in cach step
iii) Discuss two economic ad»an(agcs of operating these two steps
in reaction vessels close to cach other in an industrial plant.
(JMB92)

12. 2) The ionisation energy of hydrogen atoms is +1310kJ mol™.
i) Write the equation which defines the onisation process.
ii) Given that the electron affinity of chlorine is —364k] mol™
and the following additional information:
H(® + Cle —s HClg)  AHS, = —432k]mol™
HCl@) — H'aq) + Cl'(aq)  AH% = —75k) mol™!
calculate the standard enthalpy change for the process
H'(g) + C(9) —= H'(aq) + Cl'(aq)

b) The table below gives the standard enthalpy changes of hydra-
tion of some gascous ions.

[1on [a b 1w N K|
Enthalpy of e e o
hydration/kJ mol-1 | 380 —350 =310 =520 —400

i) Using the result from a) ii) calculate the enthalpy of hydration
of the proton

ii) Suggest a reason why your answer is quite different from any
of the values in the table.

)
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) Ethyne, C;H,, can be converted into ethene, C;H,, by the following
reaction:

H< ~H
H-C=C-H@ + H@ — = @

i) Why s it difficult to determine experimentally an accurate
value for the standard enthalpy of this reaction?

ii) How can mean bond enthalpies be used to estimate a value for
this standard enthalpy change? (L1

19. 3) The diagram below shows an outline, not to scale, o the Born
cle used for the calculation of the lattice energy of
Srontin shloride flom experimental data.

Selg) + 265 (g}

Lattice|
enersy

Sris) + Clyg)

schts)

i) On each of the four empty lines in a copy of the Born-Haber
cle diagram above, write in the formulae for the species
present at that stage in the cycle. The diagram is based on the
ionisation of strontium being a two-stage process,
ii) From the table below, select the data required for the calcula-
tion of the lattice energy of strontium chloride, and write
these in the correct spaces on the Born-Haber cycle diagram.
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AHS; 208SK(5)] = +164.4k) mol™*
AHY, 205[3CLa (@) +121.7k] mol ™!

First ionisation energy of strontium +550.0K) mol™
Second ionisation energy of strontium = +1064 kJ mol ™!
Elccnon affinity of chlorine —348.8K] mol !

AHE 195 1SICL(5)] = —828.9Kk] mol™!

i) Using your completed Born-aber cycle, calulae 4 value for

the lattice energy of strontium chloride.

b) Theoretical values have been obtained for the standard enthalpy
changes of formation of the two hypothetical compounds SrCI(s)
and StCly(s):

AHY 15[SKCI(s)] - = ~198K] mol™!
AHE 13s[StClyfs)] = +571k] mol™
i) Comment on the likely energetic stability of these compounds
in relation to:

1) the elements strontium and chlorine

2) SICli(s).

‘Theoretical values for the lattice energies for these two com-

pounds have been calculated:
Lattice energy for StCl(s) = —632k] mol™*
Lattice energy for SrCly(s) = —4560k] mol™!

Suggest reasons for:

1) the large difference in the values of the lattice encrgics
between SrCly(s) and StCl

2) the large difference in the values of the standard enthalpy
changes of formation between StCly(s) and SrCly(s).

When 1mole of rubidium chloride is dissolved in water at 298 K
to form a solution of concentration 1 moldm™, the enthalpy
change is +19 kJ mol ™
RbCl(s) + aq ——= Rb*(ag) + Cl(aq)
Al = +19 Kk mol ™!
i) Calculate the entropy change in the surroundings when this
process takes place.
i) Calculate the entropy change in the system for this process
rom the data

3

© [RbCI(s)] = +95.9) mol " K™
S°[Rb'(aq)] = +121.5J mol ' K™!
S9[CGaQ)] = +56.5Jmol 'Kt
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iii) Use the results of your calculations to explain why rubidium
chloride dissolves readily in water in spite of this being an
endothermic process. (L9LN)

14. a) The cyclic unsaturated hydrocarbon, naphthalene (CyoHy), which

may be written as ©:> absorbs 5 mol of hydrogen per mole

of hydrocarbon on complete hydrogenation, the accompanying
entilpy change (AH®(298K) being —284K] per mole of naph-
thale

The avcmg: cnthlpy of hydrogenation of a C=C double bond in a
rlng :s =120k mol
Use to caleulate the i resonance
=n=rgy in mph(hlkne and explain the basis n!ycur leulation,

b) Bearing in mind your result in d) i) above and your answers in a)
and b) above, state what you would expect to be the character-
istic chemical behaviour of naphthalene. Give a reason.

o A simple d is used in the
range of useful chemical compounds. Name this naphthalene deri-
vative and state the way in which it is used. (WJEC91,p)

- Ellingham diagrams, showing the variation of standard free energy

‘temperature, have proved useful in deciding the

Ellingham diagram for the oxides of aluminium, carbon, hydrogen
and zinc is shown opposite.

a) Discuss the advantages and disadvantages of using aluminium,
hydrogen and carbon as reducing agents in the extraction of metals.

b) Write the equation for the reaction between zinc oxide and carbon
to form zinc and carbon monoxide.
Use the Ellingham diagram above to obtain a value for AG® for this
reaction at 1100K. Would aluminium or hydrogen reduce zinc
oxide at this temperature?

©) By considering both AH® and AS® explain why AG® varies with
temperature for the reactions between
i) zinc and oxygen
i) carbon and oxygen forming carbon monoxide. (L91N)
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Reaction Kinetics is the study of the factors which affect the rates of
chemical reactions.

REACTION RATE

The rate of a chemical reaction is the rate of change of concentration,
Consider a reaction of the type A ——= B, where one molecule of
the reactant forms one molecule of the product, Fig. 14.1 shows how
the concentration of product, x, increases as
passed since the start of the reaction increases. The
tion of reactant (the concentration at the start of the reaction) is a,
and at any time after the start of the reaction, the concentration of
reactant is (¢ —

_ initatrteat £ =0

Ratest =1,

»
Time

Fig. 1.1 Variation of concentrations of reactant and product with time
You can see that the rate of reaction is decreasing as the reaction

proceeds and the reactant is being used up. One can only state the rate
of reaction between certain times.

One can calculate the average rate of reaction over a certain interval
of time in this way.

To 1dm? of solution containing 0.300 mol methyl ethanoate is added
a small amount of mineral acid. This catalyses the hydrolysis reaction

CH,4CO,CHy(aq) + H,0() ==== CH;CO;H(aq) + CH,OH(aq)

223
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After 100 seconds, the concentration has decreased to 0.292 mol dm ™.
This means that 0.008 mol dm™ of methyl ethanoate has reacted, and
0.008 mol dm™ of methanol and ethanoic zcld have been formed.

(Average rate of reaction) _ Change in concentration
over this time interval Time
= Q008 _ 4y 10 S moldms
100

Since the rate of reaction varies with time, it is usual to quote the
initial rate of the reaction. This is the rate at the start of the reaction
when an infinitesimally small amount of the reactant has been used
up. In Fig. 10.1, the gradient of the tangent to the curve at ¢ = 0 gives
the initial rate of the reaction.

THE EFFECT OF CONCENTRATION ON RATE OF REACTION

Consider a reaction between A and B to form C:
A+ B —»C

The rate of formation of € depends on the concentrations of A and B,

but one cannot simply sy that therate of formation of C lspmporunnzl
of A and o the

B the relationship is

Rate of formation of C = [A]™[B]"

where m and n are usually integers, often 0, 1 or 2, and are character-
istic of the reaction. One says that the reaction is of order m with
respect to A and of order  with respect to B. The order of reaction is
(m +n). One cannot tell the order simply by looking at the chemical
equation for the reaction. For example, the reaction between
bromate(V) ions and bromide ions and acid to give bromine
BrO;7(aq) + 5Bri(aq) + 6H'(ag) —= 3Briaq) + 3H0(l)
has a rate of disappearance of BrO;™

—d[BrO;]

dr
It is first order with respect to bromate(V), first order with respect to
bromide, second order with respect to hydrogen ion and fourth order
overall, The negative sign means that [BrO;”] decreases with time.
if Reaction rate & [A]"[B]" it follows that
Reaction rate = k[A]" [B]"

‘The proportionality constant k is called the rate constant for the
reaction or the rate coefficient for the reaction.

& [BrOy7] [Br-] [H']?
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ORDER OF REACTION
As a reaction proceeds, the concentrations of the reactants decrease,

and the rate of reaction decreases, as shown in Fig. 14.1. The shape of
the curve depends on the order of the reaction (see Fig. 14.2).

Secondarder| /Fies ordar

Zoro orser

Concentration of eactant

Fig. 142 Graphs of rate against concentration

FIRST-ORDER REACTIONS
If the reaction
A —— Products
is a first-order reaction, the rate equation will be
Rate = KAl e ALy

I [Al, = initial concentration of A, the integrated form of this
equation is

kt =

[Alo G
= 23034
Al ]

‘The units of k, the first-order rate constant, are s\,

HALF-LIFE

Let t5 be the time taken for half the amount of A to react. £y is
called the halflife of the reaction.
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After ¢y, seconds, [A] = [Aly2
- ktys = In2 = 2.3031g2
b2 = 0.693/k

The hilfife of 2 fiscorder resction it independent of the iital
ccay is an cxample of

first-order kml:ucs

PSEUDO-FIRST-ORDER REACTIONS

The acid-catalysed hydrolysis of an ester, c.g. cthyl cthanoate,
CH,CO,C:H(aq) + H,O() —— CH,CO:H(ag) + C;HOH(ag)
is first order with respect to ester and first order with respect to water.
If water is present in excess, so that the fraction of the water which is
used up in the reaction is small, the concentration of water is practi-
cally constant, and, since the acid catalyst is not used up, the rate
dcp:nds only on the concentration of ester:
—d[CH.
—dICH,CO.CiH] ZCIO‘C’H-‘] = k'[CH,CO,C,H,]
k' is constant for a certain concentration of acid, and the reaction
obeys a first-order rate equation,

exampLe1 The rate constant of a firstorder reaction is 2.0X 107¢s™. The

METHOD

ANSWER

initial concentration of the reactant is 0.10 moldm™. What is the
value of the initial rate in mol dm™3s71?

‘The rate equation has the form
Rate = k[A]
Putting the values of [A] and k into this equation gives
Rate = 2.0X 107X 0.10 = 2.0X 10" moldm™®

exampLe2 The half-life for the radioactive decay of thorium-234 is 24 days.

METHOD

ANSWER

a) Calculate the rate constant for the decay. b) What time will clapse
before 3/4 of the thorium has decayed?
a) Radioactive decay follows the first-order law:
ktyp = 2.3031g2
2.3031g2

p= 2303182 _yau000
TAx2axe0x60 | AKX
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ZERO-ORDER REACTIONS

In a zero-order reaction, the rate is independent of the concentration
of the reactant. In the reaction between propanone and iodine

CH,COCHy(ag) + Ij(ag) —= CH,COCH;l(ag) + Hl(ag)
the reaction rate does not change if the concentration of iodine is

changed. The rate of reaction is independent of the jodine concentra-
tion, and the reaction is said to be zero order with respect to iodine.

*THE EFFECT OF TEMPERATURE ON REACTION RATES

An increase in temperature increases the rate of a reaction by
increasing the rate constant. A plot of the logarithm of the rate
constant, k, against 1/7 is a straight line, with a negative gradient (see
Fig. 14.4).

Fig. 144 Dependence of rate constant on temperature

‘The variation of rate constant with temperature obeys the Arrbenius
equation

k = AeERT

A and E are constant for a given reaction; R is the gas constant. In
order to react, two molecules must collide with a minimum amount
of energy E, which is called the activation energy. The fraction of
molecules possessing energy £ is given by e#/T. The constant A,
called the pre-exponential Jactor, represents the maximum rate which
the reaction can reach when all the molecules have energy equal to or
greater than E.

‘The Arrhenius equation can be written as

E
= lgA——
k= A o
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A can be found from the intercept or by subsnm(mg vllucs of Igk
and 1/T in the equation. At 1/T = 328X 1073, Ig
106 X 10°X 3.28 X 107
IgA = —4.00+ =222 22200 o g
€ + 2303X8.314 ¢
A = 145X10%57!
answen  The activation energy is 106 k] mol™; the pre<xponential factor is
145X 1057,

EXERCISE 51 Problems on Finding the Order of Reaction

1. X and Y react together. For a three-fold increase in the concentration
of X, there is a nine-fold increase in the rate of reaction. What is the
order of reaction with respect to X?

2. A and B react to form C. In one run, the concentration of A is
doublcd while B is kept constant, and the initial rate is doubled. In
a second run, the concentration of B is doubled while that of A is
kept constant, and the initial rate is quadrupled. What can you deduce
about the order of the reaction?

3. Fig. 14.6 shows that the
rate of reaction is:
aproportional to (I,] ]
b proportional to [1,)?
¢ proportional to 1/[1]
d independent of [1,]

Time
Fig. 14.6
4. X decomposes to form Y + Z. The following results were obtained in
2 study of the reaction:
Initial [X]/moldm™? |20x107 40x10 50x1073
Initial rate/moldm s | 13X 107 13X1075 13X 107
What is the rate expression? What is the order of the reaction?

5. The reaction A+B ——== C is first order with respect to A and
to B. When the initial concentrations are [A] = 1.5 X 10 ?moldm™
and [B] = 2.5 X 1073 mol dm™, the initial rate of reaction is found to
be 3.75x 10~*moldm-3s7l. Calculate the rate constant for the
reaction.
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6. In the reaction
A+B—» P +Q

the following resuts were obined for the iniial rates of reaction
for different initial concentrations:

[A]/moldm™  [B]/moldm™ Initial rate/mol dm™"

1.0 1.0 2.0x1072
20 10 4.0x107
4.0 20 16X 107

Deduce the rate equation and calculate the rate constant.

7. The rate of 2 reaction depends on the concentrations of the reactants.
In the reaction between X and ¥, the following results were obtained
for runs at the same temperature.

Initial concentration Initial concentration Initial rate/
of X/moldm™ of Y/mol dm™* mol dm ™3 h!

2x1072 3x1072 3.0x107%
2x1072 6x107° 12x1072
4X107 6x107 24%107

Deduce the order of the reaction with respect to: a) X, b) Y. Cal-
culate the rate constant for the reaction.

8. The foUowmg results were obtained for the decomposition of
nitrogen(V) oxide

2N;04(g) —= 4NOJg) + Oig)

C jon of N,Og/mol dm™3 Initial rate/mol dm™
16x107 012
24%107 0.18
32x107 024

What is the rate expression for the reaction? What is the order of
reaction? What is the initial rate of reaction when the concentration of
N0y iss

a) 20X 107 moldm™  b) 2.4 X 10" moldm™3?

EXERCISE 52 Problems on First-order Reactions
1. A isomerises to form B. The reaction is first order. If 75% of A is

converted to B in 2.5 hours, what is the value of the rate constant for
the isomerisation?
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g | [T+
P —
H 1 4‘// |
s Il
(I L
Ep==dlRE;
1 I
H L
T
o o

s
Timejminate

Fig. 14.8

a) Find the initial rates of curves 1,2 and 3.
b) What is the order of reaction with respect to B?

©) Inspect curve 3. What is the time required for completion of
4 reaction, and of § reaction? What is the order with respect to A?

d) Write an overall rate cquation for the reaction.

) Find the rate constant for the reaction.

EXERCISE53  Problems on Second-order Reactions

1. The following results were obtained from a study of the reaction
between

Concentrations/moldm™ | Initial rate/mol dm ™
[P] Q

2.00X107% 200X 107 2.00x 107
1.80X107  1.80X107% 1.62X 107
140X107  140X107 9.80X 1075
1.10Xx107  1.10x107? 6.05x 1075
0.80X 107 080X 107 3.20x10°%

Prove that the reaction is sccond order. Calculate the rate constant.
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2. The following results were obtained for a reaction between A and B.

¢ i dm™ |y 1dm=3s™
4] LT e
0.5 1.0 2
0.5 2.0 8
0.5 3.0 18
1.0 3.0 36
20 3.0 72

What is the order of reaction with respect to A and with respect to B?
What is the rate equation for the reaction? Calculate the rate constant.
State the units in which it is expressed.

EXERCISE 54 Problems on Radioactive Decay

. Plot a graph, using the following figures, to show the radioactive decay
of krypton. From the graph, find the half-ife.
‘Time/minute [ 0 20 40 60 80 100 120
Activity/count per sccond | 100 92 85 78 72 66 61
2. A sample of gold was irradiated in a nuclear reactor. It gave the
following results when its radioactivity was measured at various
intervals. Plot the results, and deduce the halfife of the radioactive
isotope of gold formed.
Time/hour ! o 1 5 10 25 50 75 100

Radioactivity/count per I
minute 300 296 285 270 228 175 133 103

©

. A sample of bromine was irradiated in a nuclear reactor. The following
results were obtained when the radioactivity was measured after
various time intervals. Plot the results, and deduce what you can about
the decay of radioactive brominc.

Time/hour |o 010205 1 2 5 10 25 50 75 100
Radio-

activity/count (S0 442 399 320 268 242 225 204 154 95 55 35
per minute

4. A radioactive source, after storing for 42 days, is found to have 1/8th
of its original activity. What is the half-life of the radioactive isotope
present in the source?

. Actinium B has 2 halfdife of 36.0 min. What fraction of the original
quantity of actinium remains after: a) 180.0min, b) 1080 min?

The halfife of carbon-14 is 5580 years. A 10g sample of carbon
prepared from newly cut timber gave a count rate of 2.0457. A 10 F
sample of carbon from an ancient relic gave a count rate of 1.84s™
Calculate the age of the relic.

o

°
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7. A dose of 1.00X107%g of astatine-211 is given to a patient for
treatment of cancer of the thyroid gland. How much of this radio-
active isotope (fy,; = 7.21 h) will remain in the body 24 hours later?

*8. Tritium has a halflife of 12.3 years. When tritiated water is used in
tracer experiments, what percentage of the original activity will
remain after: a) 5 years, b) 50 years?

“9. The halfife of carbon-14 is 5600years. A piece of wood from an
ancient ship gives a count of 10 counts per minute, while carbon
obtained from new wood gives 15 counts per minute. What is the age
of the ship?

EXERCISES5  Problems on Rates of Reaction
1A F!s(-ord:r mmon is 50% complete at the end of 30 minutes. What
the rate constant? In how many minutes is reaction
80% mmplen:’

2. The halflife for the disintegration of bismuth-214 is 19.7 minutes.
Calculate the rate constant for the decay in 5.

3. The halflife for the radioactive disintegration of bismuth210 is
5.0 days. Calculate: ) the rate constant in s, b) the time needed
for 0.016 mg of bismuth-210 to decay to 0.001 mg.

4. Hydrogen and iodine combine to form hydrogen iodide. The reaction
is first order with respect to hydrogen and first order with respect to
iodine. The rate constant is 2.78 X 10~ mol dm~>s™. If the concentra-
tions are [H,] = 0.85X 1072 moldm™, and [I,] = 1.25 X 102 mol
dm™, what is the initial rate of reaction?

5. The reaction 2NO(g) + Cly(g) ~——#= 2NOCI(g) is third order. The
rate constant is 1.7 X 10~%dm®mol?s™". If the concentrations of the
reactants are each 0.20 mol dm™3, what is the initial rate of reaction?

6. A and B react in the gas phase. In experiment 1, a glass vessel was
used. In experiment 2, the glass was coated with another material. The
results of the two experiments are shown below. Deduce the rate
equations for the two experiments. Can you explain how they come

to differ?
s o Iniial
[Al/moldm™  [Bl/moldm™ . o,
Experiment 1 020 0.12 2x107?
040 012 8x107
020 0.24 4x1073
Experiment 2 020 0.12 2x107
040 0.24 8x107?

0.80 0.24 32X107
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b) Use the photochemical reaction of chlorine with methane to illus-
trate and explain the following processes in a chain reaction:
i) initiation; ii) propagation; iii) termination. (090)

. Todine reacts rapidly with propanone (CHyCOCHj) in acidic or alkaline
solution but only very slowly when neutral.
The reaction in acidic solution is

CH\COCH(aq) + Ijaq) ——= CHiCOCH;IGagq) + H'Gg) + 1-aq)

‘The reaction rate was studied in the following experiment.

0.1mol of propanone and 0.01mol of hydrochloric acid in a total
volume of 90 cm® of water were placed in a flask at constant tempera-
ture. 0.0004mol of iodine (I) in 10cm? of water was added and
timing was begun.

10em? samples were periodically withdrawn at 10 minute intervals
and were neutralised by adding to excess aqueous sodium hydrogen-
carbonate. These were then titrated with sodium thiosulphate solution
containing 0.01 mol dm > Na,S,0,. The results are shown in the graph
below.

Volume No;8,03/cm?

Timimin

) What is the order of the reaction with respect to iodine? Explain
your answer.

b) Why are the initial concentrations of propanone and acid chosen
to be so much greater than that of the iodine?

©) i) Why is the mixture neutralised (before titration)?
ii) Why would sodium hydroxide be unsuitable for this purpose?

) What would be the effct on the gradientof the graph of doubling
the initial concentration of iodinc

©) If the initial concentration of hydrochloric acid is doubled, the
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rate of the reaction is also doubled. What is the order of reaction
with respect to hydrochloric acid?

) Indicate, without giving experimental detail, how you would show
that the species responsible for doubling the rate in ¢) is the hydro-
gen ion and not the chloride ion. (091,A8)

. he hydrolysis of 2-b
CH, c«:H,)Br CH,. byaquwusmdmmhydmx:dcu 25°C.
‘The equation is

CHy—C(CHpBr—CHy + OH™ ——#= CH~C(CHy(OH)—CHy + Br~

N Concentration of Concentration o( lr;;ual rate of
y Sencentration of | hydrolysis
/mol dm™> /moldm?s™!
0.100 0.500 0.0020
0.100 0.250 0.0020
0.075 0.250 0.0015
0.050 0.250 0.0010
0.025 0.250 0.0005

a) What is the order of the reaction with respect to
i) 2:bromo-2-methylpropane

i) hydroxide ion?

i) Explain how you arrived at your answers to i) and ii).

b) Write down the rate expression for the reaction.
) Give the units of the rate constant.
d) Write down a mechanism for the reaction.

©) Suggest a method by which the rate of this hydrolysis might be
followed in the laboratory. (AEB90)

5. 2) Explain how ion-exchange may be used for the purification of
water on a domestic scale.

b D Explzm the phenomenon of osmosis and define osmotic

i1 Flow may sea water be desalinated using osmosis?

©) Calculate the age of an ancient papyrus scroll found in Egypt which
gave a count rate of 110min~'g™ compared with 150 min~'g™!
from new papyrus. The half-life of the Tuclde Cis 5600 years.
Explain the assumptions made in this dating procedure.  (091)
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) What is meant by the term balf-life ?

d) A patient receives a dose of sodium chloride containing **Na, giving
a reading of 1200 counts s~ in a blood sample. How many hours
must pass for the reading of this sample to fall to 75 counts s™*?

92,p)

*10. a) Explain the meaning of each of the following terms:
i) order of a reaction
i) rate constant
iii) mechanism
iv) half-ife
V) activation energy.
b) A first-order gas phase decomposition reaction was carried out in a
el at constant temperature and the rate of the reaction
was monitored by measuring the total pressure in the vessel.
‘The following results were obtained at 326 K.

N N Total
Time/minutes | o coure/kpa
0 10
10 16
20 20
40 25
60 27.5

80 2875
300 30
500 30

i) Suggest a schematic equation for the decomposition.
i) Caleuare the rae constant and the lfife of the reacton at
(AEB9L,S)

11. a) For a chemical reaction, state what is meant by the terms rate of
reaction, rate_constant and transition state. Distinguish carcully
between the first two terms.

b) The following data were obtained with respect to the alkaline
hydrolysis of two different halogenoalkanes at 20°

. Initial concentration/moldm™ | Initial rate
Experiment | ° o (CHY,Cl OH" | /moldm=s~
P 02 02 | 6oxio*

B 04 02 12Xx107¢

c 02 08 23x10°¢
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(CHy);CCl OH~
D 01 0.1 30107
E 02 0.1 6.0%107
F 0.1 0.3 3.0%10°%

i) Deduce the order of reaction with respect to concentration of
1) halogeno:
2) hydroxide ion
for the hydrolysis of both halogenoalkanes, and explain your
deductions.

ii) Write the rae equations for botb reactions and give the unit of

€ rate constant in each case.

iii) State the mechanism of hydrolysis of 1-chlorobutane (which is
the same as that of 1-bromobutane) and explain how the results
above support this mechanism.

iv) State, giving a reason, whether the mechanism of hydrolysis
of (CH,),CCl is likely to be the same as that in b) iii) above
and, if not, suggest a possible mechanism.

i) The relative rate constants for the alkaline hydrolysis of
1 and are

in the ratio of
1:200:0.001
respectively. Discuss the reasons for the differences.
ii) Suggest one method of measuring the rate of the reactions in
©) 1) experimentally.
4) Here are two sutements relevant 1o the problem of obuaining
maximum yields in industrial processes as quickly as possible.
“The equilibrium yields of exothermic reactions decrease as the
temperature increases.”

“The rates of all chemical reactions increase with increasing tempera-
Explain why these statements are correct, discuss the apparent

conflict between them, and state how the industrialist deals with
this. (WJEC92)

12. The reaction between manganate(V1I) ions and ethanedioate ions in

acid solution is described by the equation:

2MnO; + 16H* + 5C,03° — 2Mn** + 8H,0 + 10CO,
If potassium manganate(V1I) is reacted with ethanedioic acid in the
presence of sulphuric acid the product is a mixture of manganese(Il)
sulphate and potassium sulphate solutions. The extent of the
reaction may be followed by measuring the concentration of the
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manganate(VID) ions using a colorimeter. In Experiment 1, 100 cm” of
potassium  manganate(VID), of concentration 0,02 moldm™2, were
mixed with 100 cm® of cthancdioic acid, 0.10 mol dm™, and 50 cm? of
sulphuric acid, 1 mol dm3, and a samplc was placed in the colorimeter.

In Experiment 2, the same mixture was made but
solid mangancse(i1) sulphate was also added. Both cxperiments

is time a little

were

conducted under the same conditions of temperature and pressure.
‘The following results were noted.

Experiment 1 Expcrimcm 2
@
Time/s  of mmgannl:(vll) Time/s ot m:nganz{e(vll)
/107 mol dm™? /107 mol dm™*
0 80 0 80
400 79 400 58
800 7.7 800 4.0
1200 68 1200 28
1600 4.0 1600 20
2000 20 2000 14
2400 1.0 2400 1.0

2) Consider first Experiment 2.

i) On graph paper plot a graph of concentration of manganate
against time and label it appropriately.

ii) On lined paper sketch a graph of rate against time and indicate

ou arrived at that conclusion.

i) From cither of the two graphe, or

detes

rmine the

order

by any other

‘manganate(VII) ion, clearly showing your reasoning.
b) Consider Experiment 1.
i) On the graph produced in ) i) sketch a graph of concentration

of manganate(V11) against time.

i) On lined paper sketch a graph of rate against time.

iii) How do the two graphs of rate against time differ’
iv) What can you deduce about the role of mang:ncst(ll) sulphate
in this reaction?

method,

of the reactions with respect to the

(0&C91,AS)

*13. a) Discuss three different ways in which the rates of simple chemical
reactions can be altered. Relate your discussion to a generalised
rate equation and sketch graphs, as appropriate, to illustrate your
answer.

Consider a reaction between two species P and Q which is first
order with respect to each of these two components. When the
concentrations of P and Q arc of the same order of

overall second-order kinetics will be observed experimentally. But
if cither  or Q is present in considerable excess, the reaction will
show an apparent overall order of one, called the pscudo order.

<

itude,
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CHEMICAL EQUILIBRIUM

An example of a reversible reaction between gases is the reaction
between hydrogen and iodine to form hydrogen iodide:
Hy® + L === 2HI@g)

If the reaction takes place in a closed vesscl, the combination of
hyd.mgen and iodine gr:dua.lly slows down as the concentrations of

ese gases decreasc. At first, there is very little decomposition of
hydmg:n odide into hydrogen and iodine, but, as the concentration
of hydrogen iodide increases, the rate of decomposition of hydrogen
iodide into hydrogen and iodine increases until the rates of the
forward and reverse reactions are equal, and the concentration of each
species is constant.
An example of a reversible reaction which takes place in solution is
the reaction between ethanoic acid and ethanol to form ethyl
ethanoate:

CHiCOH(I) + CHOH() ==== CH,CO,CHi(l) + H,0()
As the concentrations of ester and water increase, the reverse reaction
— hydrolysis of the ester to form the acid and alcohol — specds up. At
equilibrium, the rate of the forward reaction is equal to the rate of the

reverse reaction. Esterification is catalysed by inorganic acids. The
presence of a catalyst speeds up the rate at which equilibrium is
established.

THE EQUILIBRIUM LAW
12 & eversibe scaction i allowed to reach equitibrium, i s fourd that
the product of the concentrations of the products divided by the
product of the concentrations of the reactants has a constant value e
a particular temperature. In the esterification reaction,
CH,COH(I) + CHOH() === CHCO.CH() + H,00)
itis found that
[CH,COCH] [H,0] _
[CH,COH] [C,H;OH]
where K, is the equilibrium constant for the reaction in terms of con-
centration. In the reaction between hydrogen and iodine,
Hig) + Lg === 2HIp)
(H1)?
-
[Ha] (1]

248

Ke

and
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Since this is a reaction between gascs, the concensration of each gas
can be expressed as a partial pressurc. Then,

K, is the equilibrium constant in terms of partial pressures. In the
reaction between iron and steam,

3Fe(s) + 4H,0(g) === Fe,0,(s) + 4H;(g)

‘The equilibrium constant is given by
B

Pu,_

Pno’

The solids do not appear in the expression, Their vapour pressures are

constant (at a constant temperature) as long as there is some of each

solid present. These constant vapour pressures are incorporated into
the value of the constant K,

Another type of reaction which reaches an equilibrium position is
thermal dissociation. For example, when phosphorus(V) chloride is
heated, it dissociates partially to form phosphorus(Ill) chloride and
chlorine:

PClg) === PClp) + Cl)

As explained in Chapter 9 (pp. 104-14) the dissociation increases the
number of moles of substance present and causes an increase in
volume, or, if the volume is kept constant, an increase in pressure. The
result is that the experimental determinations of molar mass give an
unexpectedly low value. The degree of dissociation, a, can be obtained
from the ratio,
Molar mass calculated in the absence of di
Experimentally determined molar mass

=1+a

Inseting the valuc for  into the expresion for the cqulbrium
constant, and putting ¢ = initial concentration of PCl,

[CL,] (PCly)

Kk, = [CLl[PCL]
[pCls)
acxac

Ke = =

-ar 1-a

If the total pressure = P, the partial pressures of PCl, and Cl, are
Pal(1+ a), the partial pressure of PCl is P(1—a)/(1+a), and
Pl¥(1+a)? _ o

B = fimamire  I-a@
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EXAMPLE 1

METHOD

ANSWER

EXAMPLE 2

METHOD

1.00mole of ethanoic acid was allowed to react with: a) 0.50mole,
b) 1.00mole, ¢) 2.00mole, and d) 4.00mole of ethanol. At equili-
brium, the amount of acid remaining was a) 0.58 mole, b) 0.33 mole,
) 0.15 mole and d) 0.07 mole. Calculate the equilibrium constant for
the esterification reaction.

If the original amounts of acid and ethanol are a mol and & mol, then,
at equilibrium, the amount of ester formed is x mol, and the amounts
of acid and ethanol remaining are (¢ —x) and (b —x) mol.
CHCOH() + CHOHI) === CHCO.CH() + H.0()
@—x) b—x) x x

Since the equilibrium constant is given by
[CH,COCHS] [H,0] _
[CH,CO,H] [C,H;OH] N

(x/V)(x1V) =K or

then =G~

x? _
T K
In reaction a)

(@a—x) = 058 x = 042; (b—x) = 008
042

osexoos =38

Substituting the other values of a, b and x in the equation gives the
following values of K:

a b a—x  x  b-x K

‘The average value of the equilibrium constant is 4.1.

Calculate the amount of cthyl ethanoate formed when 1mole of

ethanoic acid and 3 moles of ethanol and 3 moles of water are allowed
to come to equilibrium. The equilibrium constant for the reaction is
40.

Let the amount of ethyl cthanoate = x mol

Then  Equilibrium amount of acid = (1—x) mol
Equilibrium amount of ethanol = (3 —x)mol
Equilibrium amount of water = (3 +x) mol
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EXAMPLE 3

METHOD

ANSWER

EXAMPLE 4

METHOD
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[CH,COC:H,] [H,01

‘Then, since m =K. = 40
X3 +x)
T-we-w

3 —19x+12 = 0
Solving this quadratic equation (see p. 13) gives
x=56 or 071

The value x=5.6 can be excluded because it is higher than the
number of moles of ethanoic acid present initially. The solution
x=0.71 must be the practical onc.

The amount of ethyl cthanoate formed is 0.71 mol.

A mixture of iron and steam is allowed to come to equilibrium at
600°C. The equilibrium pressures of hydrogen and steam are 3.2kPa
and 2.4 kPa. Calculate the equilibrium constant K, for the reaction.

The reaction is
3Fe(s) + 4H,0(g) =—== 4Hy(g) + Fe,04(s)
The equilibrium constant is given by

P
Ky Pn
Substituting in this equation gives
- ()
= (2.4,
Kp = 3.1

A molar mass determination on dinitrogen tetraoxide, N0, gave a
value of 60gmol~! ac 50°C and 1.01X 10°Pa. Find the cquilibrium
constant for the dissociation

N,04(g) === 2NO,(g)

If the degree of dissociation is @, then a total of 1+a moles of
particles are formed from 1 mole of N;0s. P is the total pressure.

Molar mass S92,
Experimentally determined molar mass 60
a =053

Since
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14. Sulphur dioxide and oxygen in the ratio 2mol: 1 mol are allowed to
reach equilibrium in the presence of a catalyst, at a pressure of 5 atm.

At equilibrium, § of the SO, was converted to SOs. Caleulate the
equilibrium constant for the reaction

250,(g) + Oig) === 250.(g)
The equilibrium constant K, for the reaction
COxg) + Hig) === CO(®) + H,0()

is 0.72 at 1000°C. Calculate the composition of the mixture which
results when:

l

4) 0.5 mole CO, and 0.5 mole H, are mixed at a pressure of 1atm and
1000°C.

b) 5moles CO, and 1 mole H, are mixed at a pressure of 1atm and
1000°C.

B

The oxidation of sulphur dioxide is a reversible process:

2504(g) + Oy(p) === 250,()
Calculate the value of the cquilibrium constant, Ky, in terms of partial
pressures from the following data, which were abtained at 1000 K

Partial pressures/Nm™?
Pso, Po, Pso,
10000 68800 80100

EXERCISE 59 Questions from A-level Papers

1. For an industrial process represented by the equilibrium
2A(p) + Blp) === 2Cg)
the following data were obtained for
1. the variation of the relative rate of the forward reaction, ke, with
temperature
2. the variation of the fractional conversion, /; to C, at equilibrium.

7, fractional conversion
TIK | logiokeer | " 16 C at equilibrium

600 10.16 0.997
650 10.90 0.988
700 1159 0.967
750 | 12.14 0.930
800 12.66 0.875
850 | 13.11 0.798
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a) On graph paper plot
i) the variation of 101;,.7 k,g. with T
the variation of f with
iii) the variation of the pmduc!, (logyg ke X f), with T
b) State and explain what conclusions may be drawn from the plots
in a) above concerning the optimal conditions for the production
of C.
) i) State and briefly explain the effect on the position of equili-
brium of
1) increase in total pressure
2) increase in temperature,
ii) Under industrial conditions a catalyst is used to facilitate the
production of C. State what is the effect of the catalyst on
1) the value of K,
2) the value of £y, the activation energy of the forward
reaction.
d) Consider the data given for the fractional conversion to C at
equilibrium as a function of temperature. State and explain what
can be deduced about AH? for the equilibrium. (WJEC91)

. The following equilibrium is established when hydrogen and nitrogen

are passed over heated iron
N; + 3H, === 2NH,

) Express the equilibrium constant Ky, in terms of the equilibrium
partial pressures, px,, pu, P, of the three species.

b) If the nitrogen and hydrogen were initially in the molar ratio 1:3
and the fraction of ammonia at equilibrium is x, obtain expres:
sions for the equilibrium partial pressures, [ARN and pyu,
terms of x and the equilibrium total pressure 7.

©) Name and state the law used in b).

d) At400°C, x =0.0385 and P = 10atm. Calculate K,

) If the total pressure P were increased to S0atm and the tempera-

ture kept at 400°C, indicate, without calculation, the effect on

i) x, ii) K, Give explanations for your answers.

When the temperature is increased to 500°C, K, decreases. What

can be deduced about the sign of the enthalpy of formation in

NH; in this reaction? Give an explanation for your answer.

g) What is the role of iron in this reaction? (090)

>

. The following chemical equilibria occur in limestone areas subject to

rainfall:
COxp) === CO(aq)

COsaq) + H,0() + CaCOxs) == Ca’*(aq) + 2HCO3(aq)

) By applying Le Chatelier’s principle to these equilibria, explain
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qualitatively how rainwater passing through limestone rock and

then dripping from the roof of a cave can produce pillars,

stalagmites and stalactites of ever-increasing thickness.

Water saturated with pure carbon dioxide at atmospheric pressure

contains 0.15% by mass of dissolved CO,.

Calculate the concentration, in moldm™, of dissolved CO; in

water, [CO(aq)], which is in equilibrium with air containing 1%

of carbon dioxide.

¢) Write an expression for the equilibrium constant for the sccond
reaction given above. By using the value of this equilibrium
constant (4.7 X 1075 mn]zdm"’) and the [CO5(aq)] you calculated
in b), estimate the maximum value of [Ca(HCO3)x(aq)] that could
oceur in water passing through limestone rock.

<

4. a) For the industrially important reaction
250,() + Oip) === 250s(p)
AH(298K) = —94.5 k] mol™".
Descibe,giving rssons, he effect o the poicon of equilvivm

i) increase of temperature

ii) decrease of pressure

i) a platinum catalyst
iv) excess oxygen.
At 1300K and a total pressure of 1atm, the partial pressures at
equilibrium are 0.27 atm for SO, and 0.41 atm for O,.
Gallalae the cquibriam constan . Be careful 1o give the unis
of

b msmss the application of the Equilibrium Law to the equilibrium

CaCOx(s) === Ca0(s) + CO,(g)

at 700K, and explain what would happen if carbon dioxide were
added to the system. (091)

o

. The equilibrium between hydrogen, iodine and hydrogen iodide can
be investigated by sealing hydrogen jodide in glass tubes and heating
them at known Th
for the reaction is

2HI(p) ==== Hi(p) + L
and the equilibrium constant K, = 0.019K at 698K.
The tubes are rapidly cooled and then opened under potassium iodide
solution when the iodine and hydrogen iodide dissolve.
) i) Why are the tubes rapidly cooled?
ii) Describe how the appearance of the contents of a tube would
change as it was cooled.
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©

b) In a closed-vessel experiment on the Haber process, nitrogen at
50atm pressure and hydrogen at 150atm pressure were reacted
together at constant temperature, After a certain time interval it
was found that the ammonia formed had a pressure of 40atm.
Given that the equilibrium constant, K,, at the reaction tempera-
ture is 7.316X10"Satm™%, calculate whether or not the system
had reached equilibrium.

State and discuss the factors which govern the rates at which
chemical reactions occur. (WJEC91)

. At room temperature, gascous dinitrogen tetraoxide and nitrogen

dioxide are in dynamic equilibrium according to the following equa-
tion:
NyOyg) =—=== 2NOg); AH = +58kJmol™.
) Explain what is meant by the term dynamic equilibrium, and write
the expression for the equilibrium constant, K, for this reaction.

b) At a temperature of 25°C (298K), 1.00g of a mixture of these
two gases takes up 2 volume of 3.17X 10" m® at a pressure
of 101kPa (1.01 X 10°Nm™). Calculate the average relative
molecular mass of the mixture.

State Le Chatelier's principle, and use it to deduce qualitatively
the effect on the average relative molecular mass of this gaseous

2

ii) the temperature.
Nitrogen dioxide (from car exhaust fumes) can react with sulphur
dioxide (from the burning of fossil fuels) in the presence of water
vapour in the atmosphere to produce sulphuric acid (acid rain)
itrogen monoxide, NO. The nitrogen monoxide is rapidly
reoxidised to nitrogen dioxide by oxygen.
Construct balanced equations for these two reactions and hence
suggest the role played by nitrogen dioxide in the overall process.
(c92)

&

Hydrogen is manufactured nowadays from oil, but carlier this century
a major method for the production of hydrogen was the Bosch process.
‘This was a two-stage process starting from steam and coke (about 80%
carbon):
Stage 1 at ~1500°C: the production of ‘watergas’, a mixture of
carbon monoxide and hydrogen:
C(s) + H0(p) — CO(g) + Hig)
Stage 2 at ~500° mixture of carbon monoxide and hydrogen
from Stage 1 is mixed with more steam before undergoing the
‘water-gas shift” reaction, involving an iron catalyst:

CO(R + H0@) === CO @ + Hig)
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The value of K,for the water-gas shift reaction at 500 °C is 10. In the
process the amount of carbon monoxide in the final gas mixture, after
removal of excess steam, had to be kept below 2% by volume.

2) Calculate the ratio by volume required for the steam/watergas

mixture (at 500°C) to achieve this.
) Calculate the toral mass of steam required for the whole process
per tonne of coke used for the production of watergas.

Calculate the percentage of the total steam used which is converted
to hydrogen. (L90,N,S)

<
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EXAMPLE 1

METHOD

ANSWER

EXAMPLE 2

Organic Chemistry

All the techniques you need to enable you to tackle problems in
organic chemistry have been covered in Chapter 2 in the sections on
empirical formulae, calculations based on chemical cquations and
reacting volumes of gases, and in Chapter 3 on volumetric analysis.

Numerical problems in organic chemistry give you some quantitative
data and ask you to use it in conjunction with your knowledge of the
reactions of organic compounds. There is no set pattern for tackling
such problems. They are solved by a combination of calculation,
familiarity with the reactions of the compounds involved and logic.
‘The following examples and problems will show you what to expect.

When 0.2500g of a hydrocarbon X burns in a stream of oxygen, it
forms 0.7860g of carbon dioxide and 0.3210g of water. When
0.2500¢ of X is vaporised, the volume which it occupies (corrected to
s.t.p.) is 80.0 cm?. Deduce the molecular formula of X.

X burns to form carbon dioxide and water.

Mass of C in 0.7860g of CO, = :%xunso = 02143g

Mass of Hin 0.3210g of H,O0 = = 0.0360g

Therefore 0.2500g of X contains 0.2143 g of Cand 0.0360g of H

0. 2143[° 0.0360
1.01

These masses give the molar ratio for C:H of

= 00178 t0 0.0360 = 1 to 2
‘Thus, the empirical formula is CH,.
Since 80.0 cm? is the volume occupied by 0.2500 of X,

22.4dm? is occupied by X 0.2500g of X = 70.0g of X

80.0X 1072

‘The formula mass of CH, is 14. To give a molar mass of 70.0gmol™,
the empirical formula must be multiplied by 5. Therefore:

‘The molecular formula is CsHyo.

An organic liquid, P, contains 52.2% carbon, 13.0% hydrogen and
34.8% oxygen by mass. Mild oxidation converts P to Q, and, on
further oxidation, R is formed. P and Q react together in the presence
of anhydrous calcium chloride to form S, which has a molecular

260
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a) Find the molar mass of the alkene, and b) give its molecular
formula.

Give the names and structural formulae of two alkenes which have
‘this molecular formula.

An organic acid has the percentage composition by mass: C, 41.4%;
H, 3.4%; 0, 55.2%. A solution containing DZSO; of the aci
is'dibasic, required 26.6 cm® of 0.200moldm™ sodium hydroxide
solution for neutralisation.
Calculate: a) the empirical formula, and b) the molecular formula
of the acid. ¢) Give its name and write its structural formula or
formulae.
11. An organic liquid contains carbon, hydrogen and oxygen. On oxida-
tion, 0.250g of the liquid gave 0.595 g of carbon dioxide and 0.304g
of water. When vaporised, 0.250g of the liquid occupied 131 cm? at
200°C and 1atm.
Find: a) the empirical formula, and b) the molecular formula of the
liquid. ©) Write the structural formulae of compounds with this
molecular formula.

3

B

A is an organic -:ompound with the percentage composition by mass
C, 71.1%; N, 104%; O, 11.8%; H, 6.7%, and a molar mass of
135gmol-L.

On hydrolyss by aqueous sodium hydroxide, 4 gives an oy liquid, .
B ha centage composition by mass: C, 77.1%; N, 15.1%
H, 7.5%, ani a molas mass of 93 gmol 1. B i basic and gives a precipi.
tate with bromine water.

Find the molecular formulae for A and B. From their reactions,
deduce the identity of A and B.

EXERCISE 61 Questions from A-level Papers

1. Ripening tomatoes produce a gascous hydrocarbon, A, which itself
assists the ripening process. The gas A reacts ina 1:1 mole ratio with
hydrogen bromide to give a liquid, B. Treatment of 1.0000g of B
with hot aqueous sodium hydroxide yields a volatile product, C.
Acidification of the residual alkaline solution with dilute nitric acid
and the addition of excess silver nitrate solution affords 1.7230g of
silver bromide. Mild oxidation of C yields a volatile product, D, which
on treatment with ammoniacal silver nitrate produces a silver mirror.
Compound A may be converted industrially into C by the reversible
gas phase addition of one molecule of water. For the equilibrium

AR + H0@) === C(@@ AH® = —46.0kJmol™*
(A(H) = 1.01, A(C) = 12.01, A(Br) = 79.91,
AlAg) = 107.87)
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‘Agueous NaOH

e

i) State the functional group present in each of A, B, C and D.

ii) Give your reasoning for these conclusions.

iii) Calculate the number of moles of silver bromide produced.

iv) Hence calculate the relative molecular mass of B and deduce
the identity of the gas A

b) i) Briefly describe a process for the direct conversion of A to C,
giving the appropriate conditions.

ii) Describe and explain the cffects of variation of temperature
and pressure on the equilibrium yield of C obtained.

iii) Indicate how the use of excess water (as steam) might influence
the equilibrium yield of . (WJEC92)

Compound B, a diacid that occurs in apples and other fruit, has the
following composition by mass:

B reacts with ethanol in the presence of concentrated sulphuric acid

under reflux to give C, CgH,405. Compound C evolves hydrogen gas

when treated with sodium metal and reacts with acidified potassium

dishtomste(V1) 10 give compound D. Compound D produces an

orange precipitate with 2,4

with Fehling’s or Tollens’ reagent.

a) Caleulate the empirical formulae of B.

b) Suggest structures for compounds 8, C and D and explain the
reactions described. (c92)

Hippuric acid, an organic substance, was first obtained from horse’s
urine (Greek, bippos = horse).
Historically, organic substances were believed to need a vital force’ to
be made. Today, hippuric acid is made in the laboratory by the follow-
ing overall reaction:

coc contia,coon

= NH.CH.CO0H — ha

Benzoyl chloride Glycine Hippuric acid



268

Calculations for Afevel Chemistry

pressure during cach hydrogenation involving the reacting amounts
shown.

Mass of compound | Mass of hydrogen | Heat 0
Compound Cakeny Ssedrg | evolvedik]
A 500 509 344
B 750 577 389
[ 100.0 5.66 195
D 900 587 396
E 90.0 6.92 296
F 100.0 6.52 225

Draw up a table showing the mass of each compound A to F* which
reacts with one mole of hydrogen, and also the heat evolved per
mole of hydrogen consumed. Use this information to deduce the
relative molecular masses (which are integral to within £0.1%) and
hence the possible structural formulae of these compounds. Explain
clearly why the heat evolved per mole of hydrogen consumed is
not the same in cach case. You will need to use the following data.

[ Benzene(g) | Cyclohexene(g) | Cyclohexane(g)|
AHghJmolt | +83 | 11 [ -1

Identify one of the compounds A to F which has four isomeric
forms. Draw a structure for each of the four isomers.

b) Compound G has ten carbon atoms per molecule. Full hydrogena-
tion of 2.56g of G using exactly 0.200g of hydrogen produces
sufficient heat to raise the temperature of 500g of water by
3.29K. Deduce the molecular formula of G and draw its structural
formula.-

(Specific heat capacity of water = 4.2J K 1g™') (JMB90,5)

7. ) Consider the reaction scheme shown opposite.

The compounds, A-F, each contain only one functional group; R
represents an alkyl group.
i) Identify the functional groups present in compounds 5, € and
D respectively.
i) Identify the reagents whereby the conversions A — B, D—E,
—F, F~A, and A~ F may be brought about, giving bricf
reasoning in each case.

b) Use all the quantitative information given below to identify fully
the compounds A-F above.
i) When 0.2500g of A1, a monobasic carboxylic acid, was titrated
against 0.1000 mol dm" sodium hydroxide solution, 41.63 cm?®
of the latter was required for complete reaction.
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Hoat with

Heatalone
(ol H,0 lost)

ii) When C is heated, as shown, with sodium hydroxide solution,
ammonia is evolved in a 1:1 mole ratio to C. When 0.3000 g of
C was thus treated, and the ammonia released absorbed in
water, the resulting solution required 25.39 cm?® of o.zono mol
dm™ hydrochloric acid solution for complete reactior
i) When £ reacts to form F, as shown above, muogm is evolved
i1 mole ratio. When 0.2000g of £ was thus treated,
108 44 em ? of nitrogen gas, measured at 298 K and 1.01 X 10° Pa,
was evolve
(A(€)=12.01, A(H) =101, AN)=14.01, A(0)=16.00;
1mol of a gas occupies 2.24 X 10 ecm® at 273 K and 1.01X 105Pa.)
(WJEC91)

8. This question concerns the organic compound, X, which contains
carbon, hydrogen and oxygen.

a) X contains C 6.67%; H = 11.11%; O = 22.22% by mass. Show
that the empirical formula of X is CyHy0. (Relative atomic masses:
H=1,C=12,0=16)

) The rlaive molecular mass of X s 72. Wht is the molecula for

) Gwe the structures of the non-cyclic isomers of X which do not
react with bromine water.

d) Select an isomer of X which can be readily oxidised and describe
its behaviour with a named oxidising agent. Give the reaction
conditions and the structures of the organic product(s).

€) Outline the method you would use in order to identify X.  (L91)



Answers to Exercises

The examination boards accept no responsibility whatsoever for the

CHAPTER 1
Pri

1

Practice 2

Practice 3

Exercise 1

accuracy of the answers given.

1. Density =
- Volume
v

201

O

3. )H—V
Lor=]

4. 2) Mass of solute = Concentration X Volume of solution

‘Mass of solute

) Volume of solution =
Concentra

r
s90=1 H
v
LaT=2
)=
ra o
z0p=Tt wa=s
axbxgXr pxe
=T V9=
1. 24dm? 2115
LO2378XIC  b)4376X10°
672891 %100
2.0 585 X10* 266 X100
9 134x100
2.0 332X100 b272x10¢
9 611x10%
4.9) 2001 x10° b)5.648 % 10"
9 6252X 10"
5.9 4%10 b2x10°
@ 2100
6.9 36153 b) 37052
=535
7.9) 2862 X10° 113
8768010
12867 X107

8. 4264 X107
) 3.78;

bx=dor—0.4

270

3. 300 t0nnes

o 169 X107
635 X107
o 186 X107
129 %10
a9sx10t

o 28771
© 6969 X107

9 4.037 10

ay=

4)3.45 X107
@121x10
@644 x107*
a-112x10
d1x100
41,0033
433791 %1077
42,055 10"

z=140r2



Exercise 7
150k + 20) —— 1aa) < 250 00)
2 HNSO;(aq) + OH"(ag) — NH,@ + SO,(ag)
3 N0, + A e NaClap) + NlAls,D (aq)
4.CH, + 2Br, —
Rt -
Exercise 8
1.929% 2.905% 3.89.0%
5.992%
Exercise 9
1. 436 tomnes 2.46kg 3.27kg
5.93.5%
CHAPTER 6
Exercise 10
SECTION 1
1 MEN, 3810,
5. 10,
. P,
» CiC),
M, F=CH,0,
GGG, H=CHNO,
a0 9. MO,
secTioN 2
1 by cact, o Fecl,
2 b) Fe,0, O Fe,0,
pai 0 G,
Ae=
+ 5.9 GHO
6.9 €0, 7. GO,
CHAPTER 7
Exercise 11

sEcTIoN
1.2) 26 H® + 70,(5) —= 4CO,@ + 61,0
30em® @ 4on.

2.c 3.c
AL)DSTIEm’ i) 308 em?

© 44, co,

SECTION 2

1. 20 cm? ethane + 10 em’ ethene

2.3) 24m® b) 750 e o 62sem’
© 2dm?

3. 500 m’ SO, 4.50% 5.4

Answers

4.900%

4.304kg.

4.BaCl,-2H,0

@ sio,

& cus

@ K,Cr0,

9375 em®

273
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Exercise 12

LGy, 2.cH,
4.Cil, 20, —— €O, 1 2H,0:CH,

Exercise 13
SECTION 1

2.3250g, 1120dm’ 3,560, 1120ce’
b 133g
b 160g i) 33.3g

B4KO, + 200, — 30, 4 24,0, 9 237dmd

2,358 3. £90 daily 4.2 5. 3.50dm
6.1107g 723885 Vasier 9 11.5dm’
10. 2460 dm*

Exercise 14
oxidation no. of Fe = +3

AN
o %

BIBESN, CisH-S=N
) SN, +2S0Cl, + 41ICL ——e 4HSN + 25nCl,

d) A large volume of gas, SO, and NOy, is formed when the solid is igniced
BisCr0, Cis (NH,CR0, Dis GrOLCl

Cr0, + H,0 —— H,CrO,

H,CI0, + 2Na0H ——e Na,CIO, + 21,0

4CF0, ——=- 2Cr,0, + 30,

200 ¢ ANy £ W0 e (G0,

(NH),Cr,0, ——= N, + 4H,0 + Cr

>
®
2
o

i M,

69 temome ot 7.4
5 e pomsmmsesccop i it
[ColllNH,) NO, 150,
(co-ordination through N of the ~NO," group)
10t peraammineihacoaldi) siphte
[colllNa,),0NOJ* 50~
(evordimtionhrosgh 0 o the -

0 group)
Another someris

[cn‘"(nn,),so. I~
5.0 Cs b ci-1-al”
5 Ghtap + 50, % 0D e ) 3 2600 + 50,
91 AGCIS) + 2NH,(aq) ——e AGONH,),Clag)
i 2A818) + 2M,50,a9) ——= 1(6) + S0, + AESOLE + 21,00)

@+
Flag) + M)
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Exercise 18

Exercise 19

2.0 salctiid fom + 210 1P
b) Mn is oxidised from +2 t0 +7; Bi

reduced from +4 0 +2.
reduced from +5 to + 3.

O As s oidisd from 43t 17 s e o +7 10 13

3..2) F is reduced from 0 t0 —1.
b) Cl disproportionates from 0 t0 +5 and —
© N disproportionates from —3 and +5 to —
) Cr s reduced from + 6 1o +
9 Clonitimitiom +30 44,

42 b+2

5 10,7 + 71" + B —— 41, +

1.

amo
b)BrO,” + 61" + 6H' ——= B + 31, + 3H,0

&2V 4 1,0, —= 2v0™ + 211°

450, + 2H,0 + Br, —= 4H' + SO + 2Br"

4N, + 30, —= 2N, + 61,0
D 2NH, + 20, —= N0 + 3H,0
B 4NH, + 50, —= 4NO + 6H,0

) Fe"C,007 + 3Ce¥ —— 200, + 3CE + Fe*
6.0 % 617+ 14H — 31, + 200" + THO

o+ HO —= NO,” + 20 +
S0, + 24"

2
+2e

>0 20, ) & SHO.) + GH'UD) e SO + i) 4 4100
Mo (eq) + Clyg) + 2H,00)

B0, + 4 § 20y —e

0 Dnop e+ SCOS e 16 ) e i) +

D CrOR ) + ICLOM g + 148 aq) — CPaa) +

[P

) 3010 mal

)20 X10"mol
b) 250em®

b) 12.0em®

9-000malde 10, 00193 meldr

14, 164 X 10 m
0.0600 moldm™
b *

5.+ 0.2 10" mol
wa an,oszr" b)—
o

P 23.b) 0,74 mol den

1.9.37 X 10" mol dm™
3.600%Ca0 40.0% MgO

7.5 X 10" mol

© 6.0X10"mol
©2.0%107 mol
9 5.00em?

9 72em

Jocoy@ + aiow

6C0,) + 7H,00)

Crioea) 4 6 + 14hen) —— 2 e+ 00
o+ oo

975%107 mal
$30%10%mol
$40X107mol
@125 e

) 4.50em®

. L 00mMmaldn” 13,995
15.0.103 mol dm™
b) (Fe] =0.0160mol dm™>

18.7.63 X10" moldm™>

2.78ppm
418

o -
b won + pe —e ke + o + o + e
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Exercise 20
1148 X 10 moldm> 2.407%
3.346%NiCL65.4% NaBr 4,27 X10-tmldm
5.0) 158X 10 moldm™* 14,97 X 10" moldm
6.55.3%
1.9 50 10" mall™ ©10X10%mel W% i) 3%
>0+ wy s it + o0

— Feaq) +
m)n(). '(:q) — 200,®)

Lo
£ 24H° e 3MaE 4 SFE + 1000, + 1214,0

e

1200, + 12H + 106 —= 1, + 6H,0
92— 1, 4 2
10, + 51+ 600 — 31, + 30,0
i) 0.383g
5.0 Fe*lag) — FMag) + &
M0 ag) + M) 4 S e M) 4 MO0
MO, (aq) + BH'(aq) + SFe™(ag) —= Mn**(ag) + 5Fe

q) + 4H,00)

vy
6.6)1C + KI —= © 4.0X 10" mol
d2010° *mol 1, Lhx10matic 0.5 %10~ mol 1€
100

3NaCI0, ——= NaCl + 2NaClO,
) ¥t 2NO, o) + 4Haq) + 20a0) —= Laa) + VO + 20,00)

cond: N0, ) + ) + ) — 3hiag) + WO + 24,00)

RO (o) o o

NO,", from +

of changing from +31n X0, 6 4.2 i NO. N changes o151 Noy- o 2inNo,

‘and can therefore oxidise three times the amount of fodide fon.

1, L0, s ormed. n3.10, diprportonte o fo HCl

ncuo,, promitiin

99 2,00, + & —e CIO;°
+

Adding the two half-equations,
2000, + 0 —= 2i0;

Adding the two halfequations,
€10, (sq) + 4H'(aq) + 41°(aq) —= CI(aq) + 21aq) + 211,00)

“n ©
NOT 4 M 4 ¢ — NOL 4 WO
+5)

s
Addingthe o balfcquations,
2aq) & 2O ) + 2 (ag) ——= L@ + 0@ + 2H,00)
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5.8 C0, + 4H' 4 ¢ —= O + 21,0
) “n

IO, + O ——= CIO; + H* + ¢
4 @

‘Adding the two equations,

6C10, + SOH" ——s CI' + 5CI0," + H® + 2H,0
BYCIO, + 6H' + 6 ——an CI' + 3H,0

@5) 1

2w, 420
o
Adding the two equations,

o) + e+ e —= G + 360) + .00
1w 95%
120 )25mol i 60X10*mel
13, ) MgBa(CO,),
140 00129 mol 00905 mol )7
b)) 659 mgZas0,7H,0 i 4.58 X 10" moldm™*

) 15 X10 mol  iv) 190 ppm

Qptd i
5.0 2300, + 1611 + 5C,0," —= 2™ + BILO + 10C0,
)M pi When the inin.it
4 M50, which i ddised t MnO,
o537
9 KMa(C,0,), 21,0 .
ap+2 W) y

L= Ligand and stands for {

16.5)10 1) Low o e crmponds i POCL) —— BB
2) When PbCL(s) + H,00) —= AG) + Blag),
1.43X10° mol POCI, forms 5.73 X 10~ molCI*, that is 1 mol PbCl, forms
4molCl-. Therefore PLCLG) + H,00) — 4HCl(ag) + PbOLs)

17. 0D 083mol i) 16.4-vol

)+ Clip)

CHAPTER 9
Exercise 22
Lass 2.698u 3.243

P 17y 355 5.693
' MMM 47H, 1740 18,0H and ',

"0 19,'WH"0

1o
8.9Cu “Cu #CuO “CuO *CuNO, “/CuNO, “CuNOp, “Cu(NO,),
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CHAPTER 10
Exercise 26
1) 185em? b)387em® © 6234’ @ iszen’
© 243dm’
2175 1°Nm?  3.0943dm’ 448K 5 s86em’
6. 185em’ b)367em’ ©) 6464w’ 4)3830m°
) 436w’
Exercise 27
10046 2.59em 3. 160

L4 6,485
7. 16.3 e’ min™ 9.€0,25% €0,.75%

10.NO, 43.7%  N.0,.56.3%

Exarcise 28
441 gmol™t 2. 398gmol”! 3.601dm* 4838
5.0.583 mol 6. 44.0gmol" 7.6.18dm* 5.7.54X 10 mol
Exerciso 20
1.9 1765 cm b 207 m® & 263dm®
22T AN 323X 10Nm 4,450 X10'N m™
5.0 p0N, X10'Nm
D = 300 x10Nm
6.9) p(NH) = 600 X10'Nm™ p(Et)
D) plH)= 375 X10'Nm™
Exercise 30
1.84.4gmol 2. 1840ms™ 3.3410)molt  4.413ms!
5. 44.1gmol”t 202
80447 b) 460K
Exercise 31
Liszxiote  2bats e
3.0 249dm’ b) 4
e memonaichoaH,
i) 20,0 + 70, ——w 4C0; + 61,0
) Gt D 2CH,OHI) + ZNa(3) ——= 2C,H.0Na9) + H(p)
4.14) 2490) mol” b)) 36.5
sacH, b)56.CH,
ai
Howon
LN HLC- CH,
Jomt—g—con 7 Be=c{ Se=c(,
W I W o nC "
CHAPTER 11
Exercise 32
1. 343gmolt 2.9F, 3.90gmol”t 4. 64.6gmolt
5. 134gmol"

6.) 46 gmol™* b) s8gmol~! © 74gmol™t
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CHAPTER 12
Exercise 40
SECTION 1
10 20 5 w0
i)
secTion 2
1.02658
204038 ) dovbled 1 doubled © unchanged
3.124gCe 22150, 4.00560g
5.2 006724 b) 231 em® 901958 6. 268 minutes
7.0.454A 8.177moldm® 9. 2482 hours
102144000, 428dm'H, IL1BX10C 1210508
Exercise 41

1,175 X 10" mol dm"*

2.4 00271 5) 678 X 10 mol dm"? © 189 X10" mol dm:*
0230 ) 137 X 10~ mol dm"?

4,175 X 10 mol dm">

5.2 00256 b)2.02 X107 mol dm">
Exercise 42
PH  pOH i pOH pH  pOH
w410 a7 7 @22 118
s 12s 8060 134 na3 57
P10 130
Bt 960 @127
0129 o1 mo.r
P46
b)5.01 X107 © 447 %107 400132
0 145 x10° 961710 h)2.00%10°
j) 234 x10°
b) 105 9133 @127
6.3 1,00 X10" mol dm™ b)6.00
by 174x10° & 396X10 @ 13x10"
) 397x10° o 14310 4)2.00%10
b)5.62x107% o 186x 1071 a)424x1010
b)2.41 %107 9 189X10° @7.93 %10
b 120 9230 13.00110%
15,0 10 b6
90’ b)090em®
Exercise 43
2. 1.00mole 3.0 334 b) 394

La
4aam b)0.117 mot
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i) i
the mean bond enthalpcs of the bonds creted. Then AH® =+ (urm of mean
jesof bonds

ereated)
) —2154k) mol”!
SeCl, will s high don of
StCl s exothermic, the formation of SrCl, is
i the product that is formed

1) 56 is  much S therefore CI" >

and the latice energy of SiCl, is much greater than that of SiCI
2 In forming S¢** from Sr, the two s<lectrons are removed. To form S¢°* a third
removed from

) S = +82.1] K~ mol”?

5% 2 AT = +a57 K mor
AH® —Ta:

i) 46 5.461) mol”% since AG® is negative, the reacton is
feasivle
14.2) ~316K] mol
15.0)2000) + Cs) — Zn(s) + COE)  AGT=+35kI mal™* at 1100K

Aluniniom, yes. Rydrogen, no
1Sine 3 wlume 1 p's comsred o 0, dcreses: A58 i The
of ~TAS® becomes more positive as T increases; therefore AG" becomes.
e neguive s T inerenses
i Since 1 volume o g forms 2 volumes of gas, 45 i postve threfore the value
of ~TAS® becomes more negative 13 T increaes and AG becormes
ive 85 T incrases
16. d) i) 182 kJ mol i) =35 k) mol ™
i | of the
sccond cquation o obtain:
L) + Cl@) — 2CHE)
Forthis reacton, aH = 3H, ~ 3H,

CHAPTER 14

Exercise 51
12 2.1wrtA 2writB 3.4

o 5. 10.0mol" dm

KIAIBI 20X107dm*mol s

1..)1 D)2 1.67X10°mol* dm*h~t or 46.4 mol”dmes™!
dIN,

% 2 k(N,0,0 2 0150 moldm™s™ b) 1.80moldm™s™

:

Exercise 52

1,154 X105 2110 X105
3. Gradients/mol 6m ) —0384: b)—0386
00

a-o. o 0365 mi .
4.3) Initial rsces/mol dm™min': 1)630X107  2)127X10% 3 190X 10"
b1 © 375 min 7.50min

m@ =KIAIB] €106 X 10 dm’ mol's-
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