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5 Physical chemistry

Calculation of reaction rates
Take for example the reaction between calcium carbonate and
hydrochloric acid:
CaCO3(s) + 2HCl(aq) → CaCl2(aq) + CO2(g) + H2O(l)

In an experiment, the volume of carbon dioxide being produced
could be measured as the reaction proceeds in a syringe, as shown in
Figure 5.8.

conical flask
hydrochloric acid and
calcium carbonate
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Figure 5.8 Collection of gas using a gas syringe
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Volume of CO2(g)/cm3

Carbon dioxide would initially be produced quickly but, as the reaction
proceeded, it would gradually slow down as the reactants were used
up. Eventually, once one or both of the reactants had been used up,
the production of carbon dioxide would cease. A graph of the volume
of carbon dioxide produced against time would appear as shown in
Figure 5.9.
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Figure 5.9 Volume of carbon dioxide collected against time

The rate is not constant but can be given a numerical value at any particular
time by drawing a tangent to the curve and measuring its gradient. For
example, in Figure 5.9 the rate at which the reaction is proceeding at 30 s is
given by the gradient of the tangent at that point on the curve. In this case
its value is (350 − 130) cm3/70 s = 1.7 cm3 s−1.
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Energy is directly proportional to absolute temperature. When
collisions occur, the particles involved in the collision exchange (gain
or lose) energy, even if a reaction does not occur. It follows that for
any given mass of gaseous reactants at constant temperature; there will
be a distribution of energies with some particles having more energy
than others. Figure 5.10 shows a typical distribution of energies at
constant temperature.
Number of molecules with
a given energy

e

Most probable energy

Ea = activation energy
of the reaction
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5 Physical chemistry

Boltzmann’s distribution of molecular
energies

Energy

Ea

Figure 5.10
l
l
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Number of molecules with
a given energy

sa

l

The distribution always goes through the origin.
The distribution is asymptotic to the horizontal axis at high energy,
showing that there is no maximum energy. (Asymptotic means that the
curve approaches the axis but will only meet it at infinity.)
E a represents the activation energy — the minimum energy required to
start the reaction.
The area under the curve represents the total number of particles.
The yellow shaded area represents the number of particles with
sufficient energy to react. These are particles with energy greater than
or equal to the activation energy, E ≥ E a (Figure 5.11).

These particles do not
have sufficient energy to
react; it does not matter
how often they collide,
they cannot react

These particles have enough
energy to react

Ea

Energy

Figure 5.11

Now test yourself
5 Define the term activation energy, Ea.

Answer on p. 116
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5 Physical chemistry

Effects of concentration, temperature and
using a catalyst on the rate of reaction
Effect of concentration
A useful analogy is to imagine your first driving lesson. The one thing
you want to avoid is a collision! It follows that your first lesson is likely
to be early on a Sunday morning on a quiet country lane, rather than at
5.00 p.m. on a Friday evening in the city centre. It is obvious that the
high concentration of cars at rush hour increases the chance of a collision.
The same is true for a chemical reaction. Increasing concentration simply
increases the chance of a collision. The more collisions there are, the
faster the reaction will be.

e

For a gaseous reaction, increasing pressure has the same effect as
increasing concentration. When gases react they react faster at high
pressure because as the pressure increases so does the concentration and
hence there is an increased chance of a collision.

Now test yourself

m
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6 Explain how increasing the pressure on a gaseous reaction affects the rate of reaction.

Answer on p. 116

Effect of temperature

Most probable energy

Exam tip
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Number of molecules with
a given energy

An increase in temperature (to T2 in Figure 5.12) has a dramatic effect on
the distribution of energies.

Ea

T2
T1
Energy

Figure 5.12

Only the temperature has changed. The number of particles is constant,
so the area under both curves remains the same.
At higher temperature the distribution f lattens and shifts to the right.
This shows that increasing temperature increases the number of particles
with energy greater than or equal to the activation energy, E ≥ E a,
which means that at high temperature there are more particles with
sufficient energy to react. Therefore, the reaction is faster. Decreasing the
temperature has the opposite effect.

For a Boltzmann distribution
curve at a higher
temperature the marking
points are for the following:
l The curve goes through
the origin and there are
fewer particles with low
energy.
l The most probable energy
moves to right (higher
energy), but the height of
the peak is lower.
l There are more particles
with high energy, so a
greater proportion of
particles have energy
that exceed the activation
energy.
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Enthalpy/kJ mol–1

Catalysts speed up reactions without themselves being changed
permanently. Catalysts work by providing an alternative route for the
reaction, which has a lower activation energy. This is illustrated in
Figure 5.13.
E a is the activation energy of the uncatalysed reaction, E cat is the
activation energy of the catalysed reaction. E cat is lower than E a.
A catalyst lowers the activation energy but does not alter the
Boltzmann distribution (Figure 5.14). It increases the number of
particles with energy greater than or equal to the new activation
energy, E cat.
Number of molecules with
a given energy

Ea
Enthalpy of
reactants

Ecat

Enthalpy of products
Progress of reaction

Figure 5.13 Effect of a catalyst on
activation energy

Ea

Energy
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5 Physical chemistry

Effect of a catalyst

Figure 5.14 Effect of a catalyst on Boltzmann distribution

Now test yourself

7 Draw an enthalpy profile diagram and a Boltzmann distribution to show how a catalyst works.

Answer on p. 116

Types of catalyst

sa

Homogeneous catalysts

A suitable example involves the oxidation of iodide ions using persulfate
ions (peroxosulfate ions).

Iodide ions, I−(aq), are easily oxidised and the persulfate ion, S2O82−(aq), is
a powerful oxidising agent, but surprisingly the reaction between them in
water is slow. The equation for the reaction is:
S2O82− + 2I− → 2SO42− + I2

For the reaction to occur the two ions must collide, however, the rate of
collision is slow because both ions are negative and repel each other.

A homogeneous catalyst
is in the same phase
(gas, liquid or solid)
as the reactants. The
most common type of
homogeneous catalysis
involves reactions in
aqueous solutions.

The reaction can be catalysed by adding aqueous solutions of either
Fe2+(aq) ions or Fe3+(aq) ions.
The transition metal ions catalyse the reaction by providing an alternate
mechanism (Table 5.3).
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