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1 A student measured the time taken for 0.24 g of magnesium to react completely with 100 cm3 of
0.40 mol dm−3 hydrochloric acid. The student then assumed that the rate of reaction was proportional
to 1 . Comment on the accuracy of this assumption.
time

9 Kinetics

Now test yourself

Answer on p. 95
A sulfur clock

Sodium thiosulfate is decomposed by an acid producing a precipitate
of sulfur:
S2O32−(aq) + 2H+(aq) → SO2(aq) + S(s) + H2O(l)

l
l
l

l

A black cross is drawn on a white tile with a marker pen.
2 cm3 of sodium thiosulfate solution is mixed with 23 cm3 of water in
a beaker.
25 cm3 of dilute nitric acid is poured into a second beaker.
The first beaker is placed on top of the cross and the nitric acid is added.
The mixture is stirred and the time (t) taken for sufficient sulfur to be
produced to hide the cross when looking down through the mixture in
the beaker is measured.
The experiment is repeated with different relative amounts of sodium
thiosulfate and water, always totalling 25 cm3.
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The amount of sulfur produced is the same in all the experiment runs. So
the average rate of reaction for each experiment is proportional to 1.
t
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Concentration–time graphs

Concentration/mol dm−3

The concentration of a reactant is measured over a period of time and a
graph is plotted with concentration on the y-axis and time on the x-axis.
The gradient at any point on this graph is the rate at that point.
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Exam tip
The gradient is negative
because the concentration
of the reactant decreases
over time. If a graph of
concentration of a product
against time is plotted, the
gradient would be positive
and equal to the rate of
reaction.
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Figure 9.1 A typical rate of reaction graph

0.20–0.64
= −0.0088 mol dm−3 s−1
50
The initial rate = −(the gradient at time 0) = 0.0088 mol dm−3 s−1
0.10–0.32
The gradient at time 50 s =
= −0.0024 mol dm−3 s−1
90
The rate at time 50 s = –(the gradient at time 50 s) = 0.0024 mo dm−3 s−1
The gradient at time 0 =

A comparison of rates at different initial concentrations or different
temperatures can be obtained by plotting anything that is proportional to
concentration against time — for example the volume of a gas produced,
or its molar amount.
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9 Kinetics

Collision theory
A reaction can only take place if the reactant particles collide with each
other. The rate of a reaction is determined by:
l the frequency with which the particles collide
l the fraction of the colliding particles that have enough kinetic energy
to overcome the activation energy barrier
l the orientation of the particles during the collisions.

Activation energy, Ea, is
the minimum energy that
reactant molecules must
have when they collide
in order for them to form
product molecules.

Now test yourself
2 Suggest why the activation energy for the reaction between
persulfate ions, S2O82−, and iodide ions, I−, is higher than that
between iron(III) ions, Fe3+, and iodide ions.
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Answer on p. 95

Factors that control reaction rate
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There are several factors that can be involved.
l Concentration of reactants in solution: the chance of two molecules
or ions colliding is higher at higher concentrations. There are more
collisions per second, and the rate of reaction increases.
l Pressure of gaseous reactants: the chance of two molecules colliding
is higher at a higher pressure, resulting in a more collisions with higher
energy, and hence a faster reaction.
l Temperature: at higher temperatures, particles have more kinetic
energy. This results in more collisions having sufficient activation
energy. (See the next section.) This means that a higher proportion of
collisions are successful.
l Catalysts: See the Maxwell–Boltzmann distribution in the next section.
l Surface area of solid reactants: the more contact there is, the more
collisions there will be. A solid can only react with a gas or liquid at its
surface, so a larger surface area will result in more collisions between
the particles per unit time, so increasing the rate of reaction.

Maxwell–Boltzmann distribution
A change in temperature

The effect of heating a gas or a solution is to make its particles move
faster and have a higher average kinetic energy. This increases the fraction
of colliding particles that have a combined energy equal to or higher
than the activation energy. This results in a higher proportion of collisions
being successful.
This can be shown by the Maxwell–Boltzmann distribution of particle
energies (Figure 9.2) at different temperatures T1 and T2, with T2 > T1.

The area under each curve to the right of the activation energy line is the
fraction of particles with energy ≥ E a. It is clearly larger at T2, so the rate
is faster at T2.

84

Typical mistake
Many students have the
idea that the number of
successful collisions
increases. It is the fraction
of the trillions of collisions
that are successful that
increases.
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Note that the peak is both
lower and further to the right
at the higher temperature,
but that the areas under the
two graphs are the same.

T2

9 Kinetics

Exam tip

T1

Fraction of
molecules

Typical mistake
Ea

Energy

Figure 9.2 Maxwell–Boltzmann distributions at different temperatures

Catalysts

e

A catalyst works by providing an alternative route with a lower
activation energy. At a given temperature, a higher proportion of the
colliding particles will have the lower activation energy of the catalysed
route, and so the reaction will be faster. This is shown in Figure 9.3.

Exam tip
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T1

A Maxwell–Boltzmann
diagram at different
temperatures has two
curves and one activation
energy. That for using a
catalyst has one curve and
two activation energies.
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Fraction of
molecules

Ecat

Ea

Typical mistake

Energy

Figure 9.3 How a catalyst increases a reaction rate

You can see clearly that the area under the curve to the right of the activation
energies is much bigger with the catalyst, so the rate is much faster.

Reaction profile diagrams

A reaction profile diagram lists the enthalpy values of the reactants (on the
left) and the values for the products (on the right) as well as the enthalpy
value of a transition state and any intermediates. It also includes labelling the
enthalpy of reaction and all activation energies. Figure 9.4 shows this for an
uncatalysed single-step reaction that goes through a transition state, and one
for a catalysed reaction that shows the enthalpy value of an intermediate.
Transition state

Ecat
Enthalpy

Enthalpy

Ea

Uncatalysed

Do not write ‘a catalyst
lowers the activation
energy’. It provides an
alternative path that has a
lower activation energy.
A transition state is a
high-enthalpy state that the
reactants pass through as
they become products. An
intermediate is a species
that exists long enough to
enable a reaction, even if
only for a short time.
Typical mistake

Intermediate

∆H

Another error is to say that
the rate increases because
there are more collisions per
second. This is true, but is
a minor cause (about a 1%
increase for a 10 oC increase
in temperature). The
increase in the fraction of
collisions that are successful
is about 100% per 10 oC rise
in temperature.

∆H

Catalysed

When drawing a reaction
profile for a reaction that is
uncatalysed and for when
a catalyst is present, make
sure that the enthalpies of
reaction are the same in
both diagrams.

Figure 9.4 Transition state and intermediate involvement in catalysis
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9 Kinetics

Now test yourself
3 Draw the reaction profile of a catalysed endothermic reaction.

Answer on p. 95

Industrial processes
Many gas-phase industrial processes use a solid catalyst. Some examples of
catalysts used in industry are:
l the Haber process (manufacture of ammonia) uses an iron catalyst
l the Contact process (manufacture of sulfuric acid) uses
vanadium(v) oxide
l the oxidation of ammonia (manufacture of nitric acid) uses a
platinum catalyst
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Catalysts have a number of beneficial effects:
l the reaction is faster
l the reaction can take place at a reasonable rate at a lower temperature
saving fuel costs
l the lower operating temperature often results in a higher yield (see
page 48)
l the product gases can be separated from the solid catalyst easily
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The use of a catalyst means that more product can be made more
quickly with a lower operating cost, all to the economic benefit of the
manufacturer.

Exam practice

1 This question is about the reaction of magnesium with dilute hydrochloric acid:
Mg(s) + 2HCl(aq) → MgCl2(aq) + H2(g)

(a) 0.122 g of magnesium was added to 100 cm3 of 1.0 mol dm−3 hydrochloric acid at a temperature T. It
took 34 s for all the magnesium to react.
(i) Calculate the percentage of the acid that was used up.
(3)
(ii) Calculate the rate of this reaction in units of cm3 of hydrogen produced per second.
(3)
[The molar volume of hydrogen under the conditions of the experiment is 24 dm3 mol−1]
(iii) Comment on the accuracy of your answer to part (ii).
(1)
(b) Which set of conditions is likely to give the shortest time for a small strip of magnesium to react
completely with 100 cm3 of an acid?
A 0.15 mol dm−3 acid at a temperature of 20 oC
B 0.15 mol dm−3 acid at a temperature of 25 oC
C 0.1 mol dm−3 acid at a temperature of 35 oC
D 0.1 mol dm−3 acid at a temperature of 75 oC
(1)
(c) Another student measured the volume of hydrogen gas produced at intervals of time. The same
mass of magnesium was used but only 10 cm3 of the acid was used. The results are shown below.
Volume/cm3
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Time/s
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(i) Plot a graph of volume (on the y-axis) against time (on the x-axis). Use your graph to calculate
the initial rate of reaction.
(3)
(iii) Explain why the answer to part (c)(i) is smaller than that to part (a)(ii).
(2)
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[Total = 13 marks]
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