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	4 Energetics
Chemical reactions may be described as exothermic or endothermic 
depending on the heat exchange with their surroundings.

●● Enthalpy
Enthalpy is defined as a thermodynamic property of a system linked to 
internal energy. It is represented by the capital letter H. The enthalpy relates 
to the energy of the bonds broken and made during a chemical reaction. 
Some of the important points about enthalpy are listed below. 

● Reactants – the enthalpy of the reactants in a chemical reaction is given 
as H1. This relates to the energy of the bonds in the reactants.

● Products – the enthalpy of the products in a chemical reaction is given  
as H2. This relates to the energy of the bonds in the products.

● ∆H is the change in enthalpy.
● ∆H = enthalpy of the products – enthalpy of the reactants

PRIOR KNOWLEDGE

● If a chemical reaction releases heat to the surroundings (the reaction 
vessel feels warmer) it is described as exothermic. If a chemical 
reaction absorbs heat from the surroundings, and so feels colder, it is 
described as endothermic.

● All combustion reactions are exothermic.
● Many oxidation and neutralisation reactions are exothermic.
● Exothermic reactions are used in self-heating food cans and in some 

hand warmers.
● If a reaction is reversible and is endothermic in the forward direction, 

it will be exothermic in the reverse direction. So if a reversible 
reaction is exothermic in one direction, it will be endothermic in the 
opposite direction.

● Thermal decomposition reactions are endothermic.
● Some sports injury packs which cool quickly use an endothermic 

reaction.

TEST YOURSELF ON PRIOR KNOWLEDGE 
1 Which of the following types of reactions are exothermic and which 

are endothermic?
a) thermal decomposition
b) neutralisation
c) combustion

2 Classify the following reactions as exothermic or endothermic.
a) CH4(g) + 2O2(g) → CO2(g) + 2H2O(l)
b) 2NaOH(aq) + H2SO4(aq) → Na2SO4(aq) + 2H2O(l)
c) 2Mg(s) + O2(g) → 2MgO(s)
d) MgCO3(s) → MgO(s) + CO2(g)
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● For an exothermic reaction ∆H is negative; for an endothermic reaction 
∆H is positive.

● Enthalpy changes can be measured and calculated but enthalpy cannot.

∆H is measured under stated conditions. For example 
∆H298 is the enthalpy change at a temperature of 298 K 
and a pressure of 100 kPa.

Some chemical reactions are reversible. For a reversible 
reaction the ΔH value for the reverse reaction has the 
same numerical value as the forward reaction but the 
sign is changed. This means that for an exothermic 
reaction in the forward direction ΔH is negative, but 
in the reverse direction the ΔH value has the same 
numerical value but it would be positive.

For example, the enthalpy changes for the reactions 
below show that the sign changes if the direction of the 
reaction is reversed.

N2(g) + 3H2(g) → 2NH3(g) ΔH = −92 kJ mol−1

2NH3(g) → N2(g) + 3H2(g) ΔH = +92 kJ mol−1

In many of the examples of calculations seen in 
the following sections, you will reverse a reaction 
theoretically to determine another enthalpy change.

Reaction profiles
A reaction profile is a diagram of the enthalpy levels of the reactants  
and products in a chemical reaction. The vertical (y) axis is enthalpy but  
not ∆H.

The horizontal (x) axis is progress of reaction, reaction coordinate or extent 
of reaction. Two horizontal lines are drawn and labelled with the names 
or formulae of reactants and products. These represent the enthalpy of the 
reactants (on the left) and the enthalpy of the products (on the right).

In an endothermic reaction the product line is at a higher enthalpy value 
than the reactant line as the reaction has absorbed energy. Conversely, in an 
exothermic reaction the product line is at a lower enthalpy value than the 
reactant line as the reaction has released energy. The difference between the 
lines is labelled ΔH (change in enthalpy). In an endothermic reaction this 
has a positive value. In an exothermic reaction this has a negative value. 
All values are measured in kJ mol−1. If the actual reactants and products 
are known, the lines should be labelled with their names or formulae. 
Otherwise the labels ‘reactants’ and ‘products’ are sufficient. Figure 4.2 
shows enthalpy level diagrams for both an endothermic reaction  
(Figure 4.2a) and an exothermic reaction (Figure 4.2b).

Figure 4.1 Sports coaches often use an instant cold pack 
to reduce the pain of a sporting injury. The pack consists 
of two bags; one containing water inside a bag containing 
solid ammonium chloride. When the inner bag of water 
is broken by squeezing the package, the water dissolves 
the ammonium chloride in an endothermic change. This 
reaction absorbs heat from the surroundings and the pack 
becomes cold. 

Enthalpy The enthalpy change is the heat 
energy change at constant pressure.
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Reaction pathways
The reaction pathway is shown as a line from reactants to products on an 
enthalpy level diagram. It represents the route in terms of enthalpy from 
reactants to products. Reaction pathways require an input of energy to 
break bonds in the reactants before new bonds can form in the products. 
This amount of energy is the maximum height of the pathway above the 
enthalpy level of the reactants. This is called the activation energy.

For an exothermic reaction, a typical labelled enthalpy level diagram 
showing the reaction pathway would appear as shown in Figure 4.4. 

Figure 4.3 A self-warming coffee can 
uses an inner chamber to hold the 
coffee and an outer chamber to hold 
calcium oxide and water, separated by a 
barrier. When the ring can is pulled, the 
chemicals come into contact and, due to 
an exothermic reaction, release heat to 
warm the coffee.

Figure 4.4 The reaction pathway for an exothermic reaction.
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This shows that the activation energy is the minimum
amount of energy which the reactants must have in
order to react. Some reactions have low activation
energy and can obtain enough energy at room
temperature to raise the reactants to the required
enthalpy value to allow the reaction to proceed.

Figure 4.2a An enthalpy level diagram for an endothermic 
reaction.
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The value of the enthalpy change (△H) in this endothermic
reaction is positive. This is because there has been an
increase in enthalpy from reactants to products. This is a
standard feature of endothermic reactions and it must be
remembered that △H is positive.

A positive value of △H
(change in enthalpy)
indicates an endothermic
reaction

The enthalpy of the products is
greater than the enthalpy of the
reactants so energy has been
absorbed from the surroundings.

Products

Reactants

Figure 4.2b An enthalpy level diagram for an exothermic 
reaction.
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The value of the enthalpy change (△H) in this exothermic
reaction is negative. This is because there has been a
decrease in enthalpy from reactants to products. This is a
standard feature of exothermic reactions and it must be
remembered that △H is negative.

A negative value of △H
(change in enthalpy)
indicates an exothermic
reaction

The enthalpy of the products is
less than the enthalpy of the
reactants so energy has been
released to the surroundings.

Reactants

Products
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For an endothermic reaction, a typical labelled enthalpy level diagram 
showing reaction pathway would appear as shown in Figure 4.5.

Standard enthalpy values
Standard enthalpy values are the ΔH values for enthalpy changes of 
specific reactions measured under standard conditions.

● Standard conditions are represented by the symbol . This symbol is 
used after ΔH to indicate that an enthalpy changes occurs under standard 
conditions.

● Standard conditions are 100 kPa pressure and a stated temperature. 
● There are three basic enthalpy changes for which the definitions must be 

learnt and you must be able to write equations to represent the reactions.
● State symbols should always be included in chemical equations to 

represent enthalpy changes.

Standard enthalpy of reaction (ΔHr )
This is the enthalpy change when substances react under standard 
conditions in quantities given by the equation for the reaction. 

For example:

CaO(s) + H2O(l) → Ca(OH)2(s) ΔHr = − 63.7 kJ mol–1

This means that when 1 mole of calcium oxide reacts with 1 mole of water 
to form 1 mole of calcium hydroxide, 63.7 kJ of heat would be released.

Figure 4.5 The reaction pathway for an endothermic reaction.

Reactants

Products

Progress of reaction

Enthalpy of
reactants

Enthalpy of
products

En
th

al
py

 (H
)

△H = +ve  

Reaction           
pathway Activation

energy

This shows that the activation energy is the amount of
energy which the reactants must have in order to react.
Many endothermic reactions have a high activation
energy and cannot obtain enough energy at room
temperature to raise the reactants to the required
enthalpy value to allow the reaction to proceed.

TIP
A phrase describing a standard 
enthalpy change may not actually 
include the word ‘change’. They 
are all enthalpy changes as 
that is what is meant by ΔH but 
you will often see the terms 
‘standard enthalpy of formation’ 
and ‘standard enthalpy of 
combustion’. These mean the 
same as the ‘standard enthalpy 
change of formation’ and the 
‘standard enthalpy change of 
combustion’.
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Standard enthalpy of formation (ΔHf   )
This is the enthalpy change when 1 mole of a compound is formed from its 
constituent elements in their standard states.

For example:

Ca(s) + C(s) + 1
1

2
O2(g) → CaCO3(s)

ΔHf  = −1128.8 kJ mol–1 per mole of calcium carbonate formed

or

2C(s) + 2H2(g) → C2H4(g)

ΔHf  = +52.5 kJ mol–1 per mole of ethene formed.

The enthalpy of formation of an element is zero if the element is in its 
standard state. The enthalpy of formation of oxygen, O2(g), is zero.

Standard enthalpy of combustion (ΔHc)
This is the enthalpy change when 1 mole of a substance is burned 
completely in excess oxygen with all reactants and products in their 
standard states.

For example:

CH4(g) + 2O2(g) → CO2(g) + 2H2O(l)

ΔHc for this reaction (per mole of methane burned) = −890 kJ mol–1 

The enthalpy change for the reaction:

2CH4(g) + 4O2(g) → 2CO2(g) + 4H2O(l)

is ΔHr = 2 × ΔHc = −1780 kJ

Note that as with all standard combustion reactions and enthalpy values, 
the combustion must be per mole of substance burned.

Some important points to note:

● It is vital that the standard enthalpy values of 
formation and combustion are kept to per mole of what 
they refer.

● If two moles of a fuel are combusted then the standard 
enthalpy of reaction is the standard enthalpy of 
combustion multiplied by 2.

● If four moles of a compound are formed from its 
elements in their standard states, then the standard 
enthalpy of formation value must be multiplied by 4 to 
get the standard enthalpy value for this reaction.

● The standard enthalpy of combustion of carbon  
(C(s) + O2(g) → CO2(g)) has the same value as the 
standard enthalpy of formation of carbon dioxide. It 
is the same reaction and all the reactants and products 
are in standard states in both equations. This also 
applies to the standard enthalpy of formation of water 
and the standard enthalpy of combustion of hydrogen 
(H2(g) + 1

2
O2(g) → H2O(l)).

Figure 4.6 The reaction between 
calcium oxide and water is the reaction 
used in self-heating coffee cans (Figure 
4.3). It is a vigorous reaction and here, 
steam is seen rising from the hot 
reaction mixture. The standard enthalpy 
of reaction for the calcium oxide and 
water is ΔHr = –63.7 kJ mol–1.

Figure 4.7 This image shows the most recent launch of 
the space shuttle which took place in July 2011. A variety of 
fuels with large enthalpies of combustion are used to get 
the rocket off the pad. 
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TEST YOURSELF
1 State the conditions required for enthalpies of formation to be quoted 

as standard values.
2 Explain why the value of the standard enthalpy of formation of water is 

the same as the standard enthalpy of combustion of hydrogen.
3 Write an equation to represent the standard enthalpy of formation of 

ammonia.
4 Write equations, including state symbols, to represent the standard 

enthalpies of formation given below:
a) formation of calcium oxide, CaO(s)
b) formation of sodium chloride, NaCl(s)
c) formation of water, H2O(l)
d) formation of carbon monoxide, CO(g)
e) formation of ethanol, C2H5OH(l)
f) formation of butane, C4H10(g).

5 Write equations, including state symbols, to represent the standard 
enthalpies of combustion given below:
a) combustion of carbon monoxide, CO(g)
b) combustion of ethene, C2H4(g)
c) combustion of methane, CH4(g)
d) combustion of potassium, K(s)
e) combustion of hydrogen, H2(g)
f) combustion of ethanol, C2H5OH(l).

Experimental determination of enthalpy changes
During a chemical reaction the enthalpy change in the reaction causes 
a change in the temperature of the surroundings. For many reactions, 
this change in temperature can be measured using a thermometer or a 
temperature probe. The energy released or absorbed from the reaction can 
be used to increase or decrease the temperature of a sample of water or the 
solution in which the reaction occurs. 

Temperature change (ΔT) may be converted to energy change (q) using the 
expression:

q = mcΔT

where 

q = change in heat energy in joules

m = mass in grams of the substance to which the temperature change occurs 
(usually water (for combustion) or a solution) 

c = specific heat capacity (energy required to raise the temperature of 1 g of 
a substance by 1 ºC)

ΔT = temperature change in ºC or Kelvin (K).

TIP
When asked to write an equation 
for a standard enthalpy change 
of combustion or formation, 
remember that for formation 
it is per mole of the compound 
formed and for combustion it 
is per mole of the substance 
burned.

TIP
The specific heat capacity of 
water is 4.18 J g–1 K–1. For many 
solutions in neutralisation 
determinations and other 
reactions the value is assumed 
to be the same. Do not be 
concerned if the value is 
quoted as 4.18 J g–1 °C–1 as 
the temperature change of 
1 K (Kelvin) is the same as a 
temperature change of 1 °C.
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Calculating enthalpy change in a solution
The formula q = mc∆T can be used to calculate the enthalpy change per mole 
of a substance which dissolves in water to form a solution. When an acid reacts 
with an alkali, a neutralisation reaction occurs. The enthalpy change of the 
neutralisation reaction can be calculated per mole of water formed in the reaction. 
These two types of calculations will be discussed in greater depth below. 

Calculating enthalpy of solution
Some substances dissolve in water exothermically while others dissolve 
endothermically. The enthalpy of solution of sulfuric acid is very exothermic 
and so dilution should always be performed by adding the acid to the 
water, rather than the water to the acid. The following example shows how 
q = mc∆T can be used to calculate the enthalpy change when one mole of a 
substance dissolves in water.

Figure 4.8 Substances with high specific heat capacities take a lot of heat energy, 
and therefore a long time, to heat up and also a long time to cool down. One 
interesting effect is the way in which the land heats up quicker than the sea. The 
specific heat capacity of sea water is greater than that of the land and so more heat 
energy is needed to heat up the sea by the same amount as the land and so it takes 
longer. It also takes longer to cool down.

ExamplE	1
0.0770 moles of solid potassium iodide were dissolved in 25.0 cm3 
(25.0 g) of deionised water in an open polystyrene cup. The temperature 
of the water was observed to decrease by 13.7 °C. Assuming that the 
temperature drop was due to the dissolution of potassium iodide, 
calculate a value for the enthalpy change to 2 decimal places in kJ mol–1. 
(The specific heat capacity of water is 4.18 J g–1 K–1.)

Answer
ΔT = 13.7 °C

q = mcΔT = 25.0 × 4.18 × 13.7 = 1431.65 J

number of moles (n) = 0.0770

energy change per mol of potassium iodide = 1431.65
0.0770

 = 18 592.857 J mol–1

enthalpy change in kJ mol–1 = 18 592.857/1000 = +18.6 kJ mol–1 (to 3 
significant figures)

This enthalpy change is endothermic so a ‘+’ is placed in front of the 
value to indicate an endothermic enthalpy change.
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Calculating enthalpy of neutralisation
The enthalpy change that occurs during a neutralisation reaction when an 
acid reacts with an alkali is a specific type of enthalpy change in solution. 
An example of such a reaction is given in the following activity.

ACTIvITY
Calculating enthalpy of neutralisation 
1 Measure accurately using a pipette 25.0 cm³ of a 

known concentration (usually 1.00 mol dm–3) of an 
acid. This could be a strong acid or a weak acid. The 
enthalpy of neutralisation of a weak acid with a strong 
base is less than the enthalpy of neutralisation of 
a strong acid with a strong base as some energy is 
used in dissociating the acid fully; sodium hydroxide 
solution and ethanoic acid is –56.1 kJ mol–1 while 
sodium hydroxide and hydrochloric acid – a strong 
base and strong acid – is –57.9 kJ mol–1. The enthalpy 
of neutralisation of a weak base with a strong acid 
is similar to that of a weak acid with a strong base 
(ammonia and hydrochloric acid is –53.4 kJ mol–1). 
The enthalpy of neutralisation of a weak acid with a 
weak base is less exothermic (ammonia and ethanoic 
acid is –50.4 kJ mol–1). The energy difference depends 
on how weak the acid or base actually is.

2 Place the acid in a polystyrene cup.
3 Calculate the number of moles of acid used:

moles of acid = Solution volume(25.0 cm ) concentration(1.00mol dm )
1000

3 3× −

4 Measure accurately using a pipette 25.0 cm³ of a known concentration (usually 1.00 mol dm–3) of alkali.
5 Calculate the number of moles of alkali used as for the acid in part 3.
6 Write a balanced symbol equation for the reaction of the acid with the alkali to determine the number of 

moles of water formed. (If the acid is sulfuric acid, the moles of water formed will be 2H2O whereas other 
acids usually form 1 mole of H2O for each mole of the acid and alkali used.)

7 From the balanced symbol equation calculate the number of moles of water formed (n).
8 Place the thermometer in the acid and record its initial temperature (T1).
9 Add the alkali and record the highest temperature reached (T2).

Method of calculation
1 Calculate temperature change (ΔT) = T2 – T1. (This may be given in the question.)
2 Calculate the heat energy change in joules using q = mcΔT (c is the specific heat capacity, i.e. the amount of 

energy required to raise the temperature of 1 g of a substance (in this case the solution) by 1 K (1 °C). This will 
be quoted in the question. m is the mass of the solution heated and as the total volume is 50 cm3, you will be 
given the density or told to assume the density is 1 g cm–3. Remember mass = density × volume.)

3 Convert to J mol–1 by dividing q by n.
4 Convert to kJ mol–1 by dividing by 1000. The answer is ΔHn for the neutralisation. (All enthalpy values for 

neutralisation are exothermic and should have a negative sign.)

Figure 4.9
thermometer

mixture of 25.0 cm3 of
acid and 25.0 cm3 of alkali

polystyrene cup insulates
and prevents heat loss

to surroundings

lid to prevent heat
loss by evaporation
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ExamplE	2
25.0 cm3 of 1.00 mol dm–3 hydrochloric acid were placed in a polystyrene 
cup and the initial temperature recorded as 22.7 °C. 25.0 cm3 of 
1.00 mol dm–3 sodium hydroxide solution were added.

The highest temperature recorded was 29.3 °C. Assume the specific heat 
capacity of the solution is 4.18 J g–1 K–1 and the density of the solution is 
1.00 g cm–3. Calculate a value for the enthalpy change when one mole of 
water is formed, to 3 significant figures.

Answer
Experimental data given in the question is in bold in the answer below.

Moles of acid = ×25.0 1.00
1000  = 0.0250 mol

Moles of alkali = ×25.0 1.00
1000

 = 0.0250 mol

Neither reactant is in excess.

Balanced symbol equation:

NaOH(aq) + HCl(aq) → NaCl(aq) + H2O(l)

1 mole of H2O is produced for each mole of NaOH and HCl

so moles of water formed = 0.0250 = n

Volume of solution = 50.0 cm3

As density is assumed to be 1.00 g cm–3, the mass of solution heated = 
50.0 g = m

ΔT = T2 – T1 = 29.3 – 22.7 = 6.6 °C

q = mcΔT = 50.0 × 4.18 × 6.60 = 1379.4 J

n = 0.0250

Energy change per mol of water formed = 1379.4
0.0250  = 55 176 J mol–1

ΔHn = 55176
1000  = –55.2 kJ mol–1 (to 3 significant figures)

Since all values in this calculation are given to 3 significant figures, the 
answer would be expected to be to 3 significant figures. You can refer 
to the chapter on maths at the end of the book for more details on 
mathematical precision.

TIP
In this example the value is less 
exothermic than the expected 
value of –57.9 kJ mol–1 for a 
strong acid and a strong base. 
This is due to heat loss to the 
surroundings or heat loss by 
evaporation.

TIP
Sometimes the amount of water 
in moles (n) may be given to you, 
so simply use q = mcΔT and divide 
q by n and then divide the answer 
by 1000 to calculate the enthalpy 
of neutralisation for one mole of 
water in kJ mol–1.
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Calculating enthalpy change of combustion
The following procedure explains how to determine and calculate a value 
for the enthalpy of combustion of a liquid fuel from experimental data. The 
procedure can be examined in practical-style questions and may include a 
diagram of the apparatus used and any sources of errors due to heat loss. 
Values determined during the experiment are given in bold.

ExamplE	3
In a neutralisation reaction between hydrochloric acid and sodium 
hydroxide solution, 0.0125 moles of water were formed and the 
temperature rose by 5.4 °C. The total mass of solution was 30.0 g and 
the specific heat capacity of the solution is assumed to be 4.18 J g–1 K–1. 
Calculate a value for the enthalpy change in kJ mol–1 when one mole of 
water is formed in this neutralisation reaction. Give your answer to 2 
decimal places.

Answer
ΔT = 5.4 °C

q = mcΔT = 30.0 × 4.18 × 5.4 = 677.16 J

n = 0.0125

Energy change per mol of water formed = 667.16
0.0125  = 54 172.8 J mol–1

Enthalpy change in kJ mol–1 = 54172.8
1000

 = –54.173 kJ mol–1

Enthalpy change to 2 decimal places = –54.17 kJ mol–1

ACTIvITY
1 Measure the mass of liquid fuel burned. The mass of 

the fuel burned may be calculated from the change 
in mass of the spirit burner (x g). (The volume of the 
liquid fuel may be given along with the density of the 
fuel: mass (g) = volume (cm3) × density (g cm–3). This 
may be given in moles which can be used as n in the 
calculation below.)

2 Set up a beaker containing a known volume of 
deionised water = m cm3 = m g of water. (The mass 
of water may be given but as the density of water is 
1 g cm–3, the mass and volume are the same value, 
i.e. 100 g of water is 100 cm3. Other solutions or 
liquids being heated may have a different density 
which will be given.)

3 Measure initial temperature of water using a 
thermometer (T1).

4 Burn x g of fuel below the beaker of water. (The mass 
of the burner containing the fuel can be measured before and after combustion to calculate the mass of fuel 
burned. The container should be insulated from heat loss and evaporation as shown in the diagram.)

5 Measure the highest temperature reached by the water using a thermometer (T2).

m g of water

x g of liquid fuel
in spirit burner

thermometer
to measure

T1 and T2

constant
height

lid to prevent heat
loss by evaporation

screen to
minimise
heat loss

Figure 4.10
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Method of calculation
1 Calculate temperature change (ΔT) = T2 – T1. (The temperature change may be given in the question, so use 

this as ΔT.)
2 Calculate the heat energy change in joules, q = m × c × ΔT (where c is the specific heat capacity, i.e. amount 

of energy required to raise the temperature of 1 g of a substance (in this case water) by 1 K (1 °C). This will be 
quoted in the question).

3 Calculate moles of fuel used by dividing x by Mr of fuel = n moles. (The moles of fuel burned may be given in 
the question instead of the mass so this is n.)

4 Convert to J mol–1 (J per mol) by dividing q by n.
5 Convert to kJ mol–1 by dividing by 1000. (The temperature will increase in this example so the final enthalpy 

change should have a negative sign.)

The answer is a value for the standard enthalpy of combustion of the substance undergoing combustion.

Figure 4.13 Flambéing is often associated 
with the tableside presentation of 
certain liqueur-drenched dishes, such 
as Bananas Foster, when the alcohol is 
ignited and results in a flare of blue-
tinged flame. By rapidly burning off the 
volatile alcohol, flambéing can infuse a 
dish with additional aroma and flavour 
and moderates the harshness of raw, 
high-proof spirits.

TIP 
When enthalpy values are 
calculated from experimental 
data, the values may be less than 
expected as some heat is lost 
to the surroundings and also by 
evaporation. Also the substance 
may not have undergone 
complete combustion (due to an 
inadequate supply of oxygen) or 
the products may not have been 
in their standard states (water 
may have been a gas rather than 
a liquid).

ExamplE	4
200 cm3 of water were heated by burning ethanol in a spirit burner. The 
following mass measurements were recorded:

Mass of spirit burner and ethanol (before burning) = 58.25 g

Mass of spirit burner and ethanol (after burning) = 57.62 g

The initial temperature of the water was 20.7 °C and the highest 
temperature recorded was 41.0 °C. The specific heat capacity of water 
is 4.18 J g–1 K–1. Calculate a value for the standard enthalpy change of 
combustion of ethanol in kJ mol–1 to 3 significant figures.
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Calculating other quantities from enthalpy changes
The expression q = mc∆T can be rearranged to calculate the temperature 
change given the standard enthalpy change of combustion or neutralisation.

Answer
Experimental data given in the question is in bold in the answer below.

ΔT = T2 – T1 = 41.0 – 20.7 = 20.3 °C

m = 200 g of water

x = mass of ethanol burned = 58.25 – 57.62 = 0.63 g

n = Mass
Mr

 = 0.63
46.0 = 0.01 370 mol

q = mcΔT = 200 × 4.18 × 20.3 = 16 970.8 J

Heat energy change per mol of ethanol burned  = 16970.8
0.01370  

 = 1 238 744.526 J mol–1

Standard enthalpy of combustion of ethanol per mole of ethanol = 

1238744.526
1000  = –1240 kJ mol–1 (to 3 significant figures)

TIP
Remind yourself about significant 
figures by reading Section 1 in 
Chapter 16.

TIP
Remember that this is the 
theoretical temperature change 
assuming that complete 
combustion of the fuel occurred 
and that there was no heat loss to 
the surroundings, the container 
or by evaporation.

ExamplE	5
The standard enthalpy of combustion of propane is –2202 kJ mol–1. Given 
that 0.015 mol of propane are burned completely and the fuel is used to 
heat 200 g of water (specific heat capacity 4.18 J g–1 K–1), calculate the 
theoretical temperature change which would be measured. Give your 
answer to 3 significant figures.

Answer
For 1 mol of propane, 2 202 000 J of energy would be released on complete 
combustion.

For 0.015 mol of propane, heat energy released 

= 0.015 × 2 202 000

= 33 030 J (= q)

q = mcΔT

ΔT = qmc

m = 200 g

c = 4.18 J g–1 K–1

ΔT = 
33030

200 4.18×  = 39.5 K

When 0.015 mol of propane are burned completely in oxygen, the 
temperature of 200 g of water should rise by 39.5 K or 39.5 °C.
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ACTIvITY
Measuring and evaluating the enthalpy change for the neutralisation of sodium hydroxide 
and hydrochloric acid
Sodium hydroxide can be neutralised by adding hydrochloric acid. This reaction is exothermic. A student carried 
out an experiment to determine enthalpy of neutralisation for this reaction. The method followed was

● Transfer 25.0 cm3 of 1.0 mol dm–3 hydrochloric acid to a plastic cup.
● Record the temperature of the hydrochloric acid to one decimal place.
● Transfer 25.0 cm3 of sodium hydroxide to a second clean, dry plastic cup and place the plastic cup inside a 

beaker. Stir the sodium hydroxide with a thermometer and record the temperature to one decimal place. 
● Every minute for a further three minutes stir the 

solution, measure the temperature and record.
● At the fourth minute add the 25.0 cm3 of hydrochloric 

acid from the plastic cup. Stir the mixture but do not 
record the temperature.

● Continue to stir the mixture and measure the temperature 
at the fifth minute, and then every subsequent minute for 
a further five minutes. Record each temperature in a table 
like the one given below. Temperature of the hydrochloric 
acid at the start = 21.1 ºC.

1 Plot a graph of temperature (y-axis) against time (x-axis) using the results 
in Table 4.1. Draw a line of best fit for the points before the fourth minute. 
Draw a second line of best fit for the points after the fourth minute. 
Extrapolate the lines to the fourth minute, as shown in Figure 4.12.

2 Use your graph to determine an accurate value for the temperature 
of the sodium hydroxide at the fourth minute before mixing.

3 Use your answer from Question 2 and the temperature of the 
hydrochloric acid before mixing (21.0 ºC) to calculate the average 
value for the temperature of the two solutions before mixing (T1).

4 Use your graph to determine an accurate value for the temperature 
of the reaction mixture at the fourth minute (T2).

5 Determine an accurate value for the temperature rise at the fourth 
minute (T2 – T1). Record your value to the appropriate precision.

6 Use your answer from Question 5 to calculate the heat given out 
during this experiment. Assume that the reaction mixture has a 
density of 1.00 g cm–3 and a specific heat capacity of 4.18 J g–1 K–1. 

7 In the experiment 25.0 cm3 of 1.00 mol dm–3 hydrochloric acid were 
neutralised with 25.0 cm3 of 1.00 mol dm–3 sodium hydroxide. Calculate the amount, in moles, of HCl present 
in 25.0 cm3 and the amount in moles of NaOH present in 25.0 cm3.

8 Use your answers from Questions 6 and 7 to calculate the enthalpy change, in kJ mol–1, for the reaction 
between one mole of HCl and the sodium hydroxide.

9 The maximum total error in using the thermometer in this experiment is ±0.1 ºC. The error takes into account 
multiple measurements made using the thermometer. Use your answer from Question 5 to calculate the 
percentage error in your value for the temperature rise.

10 Consider your graph. State whether your lines of best fit are good enough for you to extrapolate with 
confidence. Explain your answer.

11 Explain why the experiment should be repeated several times in order to determine an accurate value for the 
enthalpy change.

12 Suggest one reason why your value for the enthalpy change using the sodium hydroxide might differ from a 
data book value for the enthalpy change of neutralisation of sodium hydroxide. 

13 Suggest why the plastic cup was placed inside a beaker in the practical.
14 Suggest how the 25.0 cm3 of HCl was initially measured out.

Figure 4.12 Estimating the maximum 
temperature of a neutralisation reaction.

Time/minutes
0

Te
m

p
er

at
ur

e/
°C

ΔT

Table 4.1 Experiment results.

Time/min Temperature/ 
°C

Time/min Temperature/ 
°C

0 21.1 6 31.8
1 21.0 7 32.0
2 21.2 8 31.4
3 21.1 9 30.9
4 10 30.6
5 31.2
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TEST YOURSELF 
6 In an experiment the temperature of 120 g of water rose by 10.1 °C 

when 0.0170 moles of methanol were burned in air and the heat was 
used to warm the water. Calculate a value for the enthalpy change 
when one mole of methanol is burned. (The specific heat capacity of 
water is 4.18 J g–1 K–1.) Give your answer to three significant figures.

7 0.600 g of propane (C3H8) were completely burned in air. The heat 
evolved raised the temperature of 100 g of water by 65.0 °C. (The 
specific heat capacity of water is 4.18 J g–1 K–1.)
a) Calculate the number of moles of propane burned.
b) Calculate the heat energy released during the combustion in  

joules (J).
c) Calculate a value for the enthalpy of combustion of propane in 

kJ mol–1. Give your answer to 3 significant figures.
8 In an experiment, 1.00 g of propanone (CH3COCH3) was completely 

burned in air. The heat evolved raised the temperature of 150 g of water 
from 18.8 °C to 64.3 °C. Use this data to calculate a value for the enthalpy 
of combustion of propanone in kJ mol–1. (The specific heat capacity of 
water is 4.18 J g–1 K–1.) Give your answer to 3 significant figures.

9 In a neutralisation reaction between nitric acid and potassium 
hydroxide solution, 0.050 moles of water were formed. The 
temperature rose by 13.0 °C. The specific heat capacity of the solution 
is assumed to be 4.18 J g–1 K–1. Calculate a value for the enthalpy 
change in kJ mol–1 when one mole of water is formed if the total mass 
of the solution is 50.0 g.

10 0.0150 moles of solid sodium hydroxide were dissolved in 25.0 cm3 
(25.0 g) of deionised water in an open polystyrene cup. The 
temperature of the water increased by 6.10 °C. The specific heat 
capacity of the water is 4.18 J g–1 K–1. Assume that all the heat released 
is used to raise the temperature of the water. Calculate a value for 
the enthalpy change in kJ mol–1. Give your answer to an appropriate 
number of significant figures.

●● Hess’s Law
The principle of conservation of energy states that energy cannot be 
created or destroyed, only changed from one form into another.

After practising medicine for several years in Irkutsk, Russia, Germain Hess 
became professor of chemistry at the University of St Petersburg in 1830. In 
1840 Hess published his law of constant heat summation, which we refer to 
today as ‘Hess’s Law’.

Hess’s Law states that the enthalpy change for a chemical reaction is 
independent of the route taken and depends only on the initial and final states.

Hess’s Law can be used to calculate enthalpy changes for chemical reactions 
from the enthalpy changes of other reactions. This is useful as some 
reactions cannot be carried out in reality, but a theoretical enthalpy change 
can be determined for these reactions.
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ExamplE	6
Calculate a value for the standard enthalpy of formation of propanone,  
CH3COCH3(l), given the following standard enthalpy changes of combustion:

 ΔHc/kJ mol–1

C(s) –394 

H2(g) –286

CH3COCH3(l) –1821

Answer
Write equations representing the given enthalpy changes of combustion:

C(s) + O2(g)  → CO2(g) –394 kJ mol–1

H2(g) + 1
2
O2(g)  → H2O(l) –286 kJ mol–1

CH3COCH3(l) + 4O2(g)  → 3CO2(g) + 3H2O(l) –1821 kJ mol–1

There are several ways to approach this question: using equations, using a Hess's Law  
diagram or cycle or, more simply, using the sum of the enthalpy changes.

Solving by equations
For the enthalpy change you are asked to calculate, write an equation 
representing this change including state symbols. In this example, 
we are calculating the standard enthalpy change of formation of 
propanone. (Standard enthalpy changes of formation are for one mole 
of the compound from the elements in their standard states.)

Main equation: 

3C(s) + 3H2(g) + 1
2
O2(g) → CH3COCH3(l)

You have to try to get from reactants to products in this main equation 
using the ones you have written above. The reactants in this equation 
(C(s) and H2(g)) can be burned to CO2(g) and H2O(l) and then the 
combustion of propanone reversed theoretically to form propanone.

3 moles of C(s) react in the main equation so the first equation is ×3 and becomes:

3C(s) + 3O2(g)  → 3CO2(g) 3(–394)

3 moles of H2(g) react in the main equation so the second equation is ×3 and becomes:

3H2(g) + 11
2
O2(g)  → 3H2O(l) 3(–286) 

1 mole of propanone is formed in the main equation so the third equation should be reversed.

3CO2(g) + 3H2O(l)  → CH3COCH3(l) + 4O2(g) +1821

The sign of ΔH is changed as the equation is reversed.

If we add these equations together and cancel down the moles of any substance which  
appears on both sides of the equation, it should result in the main equation and the total  
of the enthalpy changes should give the enthalpy change for the main equation.

3C(s) + 3O2(g) → 3CO2(g) 3(–394)

3H2(g) + 11
2
O2(g) → 3H2O(l) 3(–286) 

3CO2(g) + 3H2O(l) → CH3COCH3(l) + 4O2(g) +1821

3C(s) + 3O2(g) +  3(–394) +

3H2(g) + 11
2
O2(g) +   →  3CO2(g) + 3H2O(l) + CH3COCH3(l) + 4O2(g) 3(–286) +

3CO2(g) + 3H2O(l) 1821

Cancel down the moles of substances which appear on both sides of the equation.

3C(s) + 3H2(g) + 1
2
O2(g)  → CH3COCH3(l) –219 kJ mol–1

TIP
Reversing an enthalpy change 
simply changes the sign of the 
value. All standard enthalpy 
changes of combustion are per 
mole of the substance being 
burned, so if 3 moles are being 
burned the enthalpy change must 
be multiplied by 3.
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Solving by Hess’s Law diagram
As before, start by writing the main equation for the enthalpy change you  
are to calculate and then write equations for the standard enthalpy changes  
you have been given to answer the question.

Main equation: 

3C(s) + 3H2(g) + 1
2
O2(g) → CH3COCH3(l)

Equations for given enthalpy changes of combustion:

C(s) + O2(g) → CO2(g) –394 kJ mol–1

H2(g) + 1
2
O2(g) → H2O(l) –286 kJ mol–1

CH3COCH3(l) + 4O2(g) → 3CO2(g) + 3H2O(l) –1821 kJ mol–1

The substances which do not appear in the main equation but do appear 
in these equations for the given enthalpy changes are CO2(g) and H2O(l). 
These are these link substances which will allow you to draw a Hess’s 
Law diagram. Below the main equation put 3CO2(g) and 3H2O(l). Draw 
arrows for the enthalpy changes given to you in the question in the 
direction of the change. Write values on the arrows and remember to 
multiply by the number of moles of substance burned.

The final calculation is from the reactants 3C(s), 3H2(g) and 
1
2O2(g) to the 

products in the box and then from the box to propanone C3H6O(l). The oxygen 
will balance as the arrows to the box all represent combustion reactions. 

A value for the standard enthalpy of formation of propanone (main  
equation) can be calculated by going from the reactants to CO2(g) and  
H2O(l) and then reversing the combustion of propanone.

ΔHf  (C3H6O(l)) 

= +3(–394) + 3(–286) – (–1821)

= –1182 – 858 + 1821 

= –219 kJ mol–1

Using the sum of the enthalpy changes

ΔHf = (sum ΔHc reactants) – (sum ΔHc products)

This method only works for an example like this in which the enthalpy of  
formation is calculated from enthalpy of combustion values. The number  
of moles of the reactants and products must be taken into account.

For this example:

ΔHf = ΣΔHc (reactants) – ΣΔHc (products)

where Σ is ‘the sum of’ which means adding all the values together.

Reactants = 3C(s) + 3H2(g)

ΣΔHc (reactants)  = 3 × (–394) + 3(–286)  
= –2040 kJ mol–1

Products = CH3COCH3(l)

ΣΔHc (products) = –1821 kJ mol–1

ΔHf = ΣΔHc (reactants) – ΣΔHc (products)

ΔHf = –2040 – (–1821) 

= –2040 + 1821 

= –219 kJ mol–1

3CO2(g) 3H2O(l)

3C(s) + 3H2(g) +    O2(g) � C3H6O(l)

3(–394) 3(–286) –1821

1
2

Figure 4.13 Hess’ Law diagram.

TIP
When using standard enthalpy 
changes of combustion it is not 
necessary to balance the O2(g) 
as the same number of moles of 
O2(g) will be added on each side. 
In this example, 3 moles of O2(g) 
together with the 1

2
O2(g) (total  

31
2O2(g)) react on the left-hand 

side going to the box and 31
2
O2(g) 

react on the right-hand side 
going to the box so the moles of 
O2(g) added cancel out. 

Reactants

Combustion products

Products

△Hc reactants △Hc products

△Hf

Figure 4.14 Enthalpy cycle using enthalpy of 
combustion.

TIP
Use + number of moles × (standard 
enthalpy change) if you are 
following the direction of an arrow 
and – number of moles × (standard 
enthalpy change) if you are going 
against the direction of the arrow. 
The +3(–394) is ‘+’ because it 
is following the direction of the 
arrow, ‘3’ for the number of moles 
based on the standard enthalpy 
change and –394 is the standard 
enthalpy change. The same applies 
to +3(–286). –(–1821) is ‘–’ as you 
are going against the direction 
of the arrow, there is only 1 mole 
of propanone and the standard 
enthalpy change is –1821.
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ExamplE	7
Calculate a value for the standard enthalpy change of combustion of ethane  
from the following standard enthalpy changes of formation:

 ΔHf/kJ mol–1

CO2(g) –394 

H2O(l) –286

C2H6(g) –85

Answer
Solving by equations
Main equation:

C2H6(g) + 31
2
O2(g) → 2CO2(g) + 3H2O(l)

Equations for given enthalpy changes of formation:

C(s) + O2(g) → CO2(g) –394

2 moles of CO2(g) are formed in main equation so this equation ×2.

H2(g) + 1
2
O2(g) → H2O(l) –286

3 moles of H2O(l) are formed in main equation so this equation ×3.

2C(s) + 3H2(g) → C2H6(g) –85

1 mole of C2H6(g) reacts in main equation so this equation is reversed.

2C(s) + 2O2(g) → 2CO2(g) 2(–394)

3H2(g) + 11
2
O2(g) → 3H2O(l) 3(–286)

C2H6(g) → 2C(s) + 3H2(g) +85

2C(s) + 2O2(g) +    2(–394) +

3H2(g) + 11
2
O2(g) + →   2CO2(g) + 3H2O(l) + 2C(s) + 3H2(g) 3(–286) +

C2H6(g)   85

C2H6(g) + 31
2
O2(g)  → 2CO2(g) + 3H2O(l)  –1561 kJ mol–1

Solving by Hess’s Law diagram
From the equation for the given enthalpy changes the substances 
which do not appear in the main equation are C(s) and H2(g). This 
cycle can be thought of as ethane being converted to its elements 
in their standard states and the elements reacting with oxygen to 
form CO2(g) and H2O(l).

ΔHc (C2H6(g)) = –(–85) + 2(–394) + 3(–286)

= +85 – 788 – 858 

= –1561 kJ mol–1

Using the sum of the enthalpy changes
ΔHc = (sum ΔHf products) – (sum ΔHf reactants)

Figure 4.15 Enthalpy cycle using enthalpy of 
formation.

Reactants

Elements

Products

△Hf (products)

△H (reaction)

△Hf (reactants)
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This method only works in an example in which the enthalpy of  
combustion or the enthalpy of reaction is calculated from enthalpy of  
formation values. The number of moles of the reactants and products  
must be taken into account.

For this example:

ΔHc = ΣΔHf (products) – ΣΔHf (reactants)

Reactants = C2H6(g) + 31
2
O2(g) 

ΣΔHf (reactants) = –85 kJ mol–1

Products = CO2(g) + H2O(l)

ΣΔHf (products) = 2(–394) + 3(–286) 

= –1646 kJ mol–1

ΔHc = ΣΔHf (products) – ΣΔHf (reactants)

ΔHc = –1646 – (–85) 

= –1561 kJ mol–1

2C(s) 3  O2(g)3H2(g)

C2H6(g) + 3  O2(g)             2CO2(g) + 3H2O(l)

–85 0 2(–394) 3(–286)

1
2

1
2

Figure 4.16

ExamplE	8
Iron is extracted from its ore according to the following  
equation:

Fe2O3(s) + 3CO(g) → 2Fe(s) + 3CO2(g)

Calculate a value for the standard enthalpy change 
of this reaction from the following standard enthalpy 
changes of formation:

 ΔHf/kJ mol–1

Fe2O3(s) –826

CO(g) –111

Fe(s) 0

CO2(g) –394

Answer

Solving by equations
Main equation:

Fe2O3(s) + 3CO(g)  → 2Fe(s) + 3CO2(g)

Equations for given enthalpy changes of formation:

2Fe(s) + 11
2
O2(g)  → Fe2O3(s) –826

1 mole of Fe2O3(s) reacts in main equation so this equation is reversed.

C(s) + 1
2
O2(g)  → CO(g) –111

Figure 4.17 Iron is extracted from its ore in a blast furnace. 
Heat radiated from the metal is reflected away by the shiny 
surface of the protective suit, which covers all of the body.

TIP
Oxygen is an element and so 
its enthalpy of formation value 
is zero.

TIP
These sum methods work to 
calculate enthalpy of formation 
or reaction from enthalpy of 
combustion values (Example 6) 
and to calculate enthalpy of 
combustion or reaction values 
from enthalpy of formation values. 
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3 moles of CO(g) react in the main equation so this equation is 
reversed and ×3

C(s) + O2(g) → CO2(g) –394

3 moles of CO2(g) are formed in the main equation so this equation ×3.

Fe2O3(s) → 2Fe(s) + 11
2
O2(g) +826

3CO(g) → 3C(s) + 11
2
O2(g) 3(+111)

3C(s) + 3O2(g) → 3CO2(g) 3(–394)

Fe2O3(s) + 3CO(g)  → 2Fe(s) + 3CO2(g) –23 kJ mol–1

Solving by Hess’s Law diagram
From the equation for the given enthalpy changes, the substances which 
do not appear in the main equation are C(s) and H2(g). This cycle can be 
thought of as ethane being converted to its elements in their standard 
states and the elements reacting with oxygen to form CO2(g) and H2O(l).

ΔHr  = –(–826) – 3(–111) + 3(–394)

= +826 + 333 – 1182 = –23 kJ mol–1

Using the sum of the enthalpy changes
ΔHr = ΣΔHf (products) – ΣΔHf (reactants)

Reactants = Fe2O3(s) + 3CO(g) 

ΣΔHf (reactants) = –826 + 3(–111) 

= –1159 kJ mol–1

Products = 2Fe(s) + 3CO2(g)

ΣΔHf (products) = 3(–394) 

= –1182 kJ mol–1

ΔHc = ΣΔHf (products) – ΣΔHf (reactants)

ΔHc = –1182 – (–1159) 

= –23 kJ mol–1

826 +

3(+111) +

3(–394)

→
2Fe(s) + 11

2
O2(g) +

3C(s) +11
2
O2(g) +

3CO2(g)

Fe2O3(s) + 3CO(g) +

3C(s) + 3O2(g)

Figure 4.18

2Fe(s) 3O2(g)3C(s)

Fe2O3(s) + 3CO(g)      ‡      2Fe(s) + 3CO2(g)

–826 3(–111) 0 3(–394)

TIP
Standard enthalpy changes of 
reaction can be quoted as kJ and 
not as kJ mol–1.

TIP
Fe(s) is an element in its standard 
state and so its enthalpy of 
formation value is zero.

TIP
Questions are often asked about 
why a substance would have 
zero as the value of its standard 
enthalpy change of formation. 
The answer is that this substance 
is an element. 
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ExamplE	9
Vanadium metal can be obtained from ore using calcium 
metal. The reaction is represented by the equation:

V2O5(s) + 5Ca(s) → 2V(l) + 5CaO(s)

a) Use the standard enthalpies of formation in 
the table below to calculate a value for the 
standard enthalpy change of this reaction.

v2O5(s) Ca(s) v(l) CaO(s)

ΔHf/kJ mol-1 –1551 0 +23 –635

b) Explain why the standard enthalpy of formation 
of Ca(s) is zero but the standard enthalpy of 
formation of V(l) is not zero.

Answer
a)

Solving by equations
Main equation:

V2O5(s) + 5Ca(s) → 2V(l) + 5CaO(s)

Equations for given enthalpy changes of formation:

2V(s) + 21
2
O2(g) → V2O5(s) –1551

1 mole of V2O5(s) reacts in main equation so this equation is reversed

V(s) → V(l) +23

2 moles of V(l) are formed in the main equation so this equation is ×2

Ca(s) + 1
2
O2(g) → CaO(s) –635

5 moles of CaO(s) are formed in the main equation so this equation is ×5

V2O5(s) → 2V(s) + 21
2
O2(g) +1551 +

2V(s) → 2V(l) 2(+23) +

5Ca(s) + 2½O2(g) → 5CaO(s) 5(–635)

V2O5(s) + 2V(s) +   
→     2V(s) + 21

2
O2(g) + 2V(l) + 5CaO(s)

 
1551 +

5Ca(s) + 21
2
O2(g)   

2(23) +

   5(–635)

V2O5(s) + 5Ca(s) → 2V(l) + 5CaO(s) –1578 kJ mol–1

Solving by Hess’s Law diagram
From the equation for the given enthalpy changes, the substances which do 
not appear in the main equation are C(s) and H2(g). This cycle can be thought 
of as ethane being converted to its elements in their standard states and the 
elements reacting with oxygen to form CO2(g) and H2O(l).

ΔHr  = – (–1551) + 2(+23) + 5(–635)

= +1551 + 46 – 3175 

= –1578 kJ mol–1

2V(s) 5Ca(s)2   O2(g)

V2O5(s) + 5Ca(s)               2V(l) + 5CaO(s)

–1551 0 2(+23) 5(–635)

1
2

Figure 4.20

Figure 4.19 Henry Ford came across a vanadium alloy 
in 1905 in a crash at a racing event. When Ford picked 
up a fragment, which was part of a valve spindle, he was 
surprised how strong it was. He decided his new Model-T 
car would be made from vanadium steel. Mass production 
began in 1913 and 15 million cars were made, all with 
vanadium steel components.
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Using the sum of the enthalpy changes
ΔHr = ΣΔHf (products) – ΣΔHf (reactants)

Reactants = V2O5(s) + 5Ca(s) 

ΣΔHf (reactants) = –1551 kJ mol–1

Products = 2V(l) + 5CaO(s)

ΣΔHf (products) = 2(+23) – 5(–635) 

= –3129 kJ mol–1

ΔHr = ΣΔHf (products) – ΣΔHf (reactants)

ΔHr = –3129 – (–1551) 

= –1578 kJ mol–1

b) Ca(s) is an element in its standard state whereas V(l) is an element  
but it is not in its standard state under standard conditions. V(s) is  
the element in its standard state.

TIP
Ca(s) is an element in its 
standard state and so its enthalpy 
of formation value is zero.

TEST YOURSELF
11 Using the following values for the standard enthalpy changes, 

calculate the value for the reactions given below.

ΔHc  H2(g) = –286 kJ mol–1

ΔHf  NaCl(s) = –411 kJ mol–1

ΔHf  CO2(g) = –394 kJ mol–1

a) 2H2(g) + O2(g) → 2H2O(l)
b) 2Na(s) + Cl2(g) → 2NaCl(s)
c) C(s) + O2(g) → CO2(g)
d) 2C(s) + 2O2(g) → 2CO2(g)
e) 3H2(g) + 11

2
O2(g) → 3H2O(l)

12 Use the standard enthalpy of formation data from the table and the 
equation for the combustion of methane to calculate a value for the 
standard enthalpy of combustion of methane.

CH4(g) O2(g) CO2(g) H2O(g)

ΔHf/kJ mol-1 –75 0 –394 –286

13 Use the standard enthalpy of combustion data from the table to 
calculate a value for the standard enthalpy of formation of sucrose, 
C12H22O11(s). The equation for the formation of sucrose is given 
below.

12C(s) + 11H2(g) + 51
2
O2(g) → C12H22O11(s)

C(s) H2(g) C12H22O11(s)

ΔHc/kJ mol-1 –394 –286 –5640
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Mean bond enthalpy
The mean bond enthalpy is a measure of the energy required to break one 
mole of a covalent bond measured in the gaseous state in kJ mol−1 (the ‘per 
mole’ is per mole of the covalent bond) averaged across many compounds 
containing the bond. For example, the mean bond enthalpy of a C H bond 
is 412 kJ mol−1.

Bond breaking is endothermic and bond making is exothermic.

Bond makingHeat energy out

Figure 4.22 Making bonds gives out heat energy and is exothermic.

Figure 4.21 Breaking bonds takes in heat energy and is endothermic.
Bond breakingHeat energy in

● Breaking one mole of C H bonds requires 412 kJ of energy so the 
value is written as a positive value, +412 kJ mol−1. It is positive as it is 
endothermic.

● Making one mole of C H bonds releases 412 kJ of energy so the 
value is written as a negative value, −412 kJ mol−1. It is negative as it is 
exothermic.

General points for bond enthalpies
Mean bond enthalpies relate to the strength of a covalent bond. A higher 
bond enthalpy value means a stronger covalent bond.

● Generally the shorter the covalent bond, the stronger the bond.
● Triple covalent bonds are generally shorter than double covalent bonds 

which are shorter than single covalent bonds.
● Triple covalent bonds are generally stronger than double covalent bonds 

which are stronger than single covalent bonds.

Table 4.2 shows the bond enthalpies and bond lengths of carbon carbon 
covalent bonds.

Covalent bond
Mean bond enthalpy/
kJ mol–1 Bond length/nm

C C 348 0.154

C C 611 0.134

C C 838 0.120

Table 4.2 Bond enthalpies and bond 
lengths for carbon—carbon bonds.

TIP
Some covalent bonds only appear 
in one substance, for example  
F F and O O, but the term 
mean bond enthalpy is still used 
even though the bond enthalpy 
for these bonds is unique.

TIP
Bond enthalpies should always 
be quoted as a number. They do 
not have a positive or negative 
sign when written as they may 
be endothermic or exothermic 
depending on whether the 
bond is being broken or made, 
respectively.

TIP
The answer obtained from 
calculating enthalpy changes 
from mean bond enthalpies often 
differs from the quoted values in 
data books due to the fact that 
mean bond enthalpies are not 
specific to the molecules in the 
reaction.
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The C C is the longest of the three carbon–carbon covalent bonds and 
is also the weakest. The C C is the shortest of the three bonds and the 
strongest. Again, triple covalent bonds are stronger than double covalent 
bonds which are stronger than single covalent bonds.

The bond length and bond strength (expressed often as the mean bond 
enthalpy) are important in organic chemistry and the chemistry of the 
halogens. The bond length and bond enthalpies for the covalent bonds in 
halogen molecules are given in Table 4.3.

Covalent bond Bond enthalpy/kJ mol–1 Bond length/nm

F F 158 0.142

Cl Cl 242 0.199

Br Br 193 0.228

I I 151 0.267

The bond length increases down the group as would be expected as the 
atomic radius of the atoms involved in the covalent bond increases. The 
strength of the covalent bond decreases down the group from Cl2 to I2. The 
bond enthalpy of the F F bond is lower than expected as the bond is very 
short and there are repulsions between the lone pairs of electrons on the 
fluorine atoms. This lowers the energy required to break the F F bond.

The bond length and bond enthalpies for the C X (carbon–halogen) bonds 
will be considered when we cover halogenoalkanes.

Calculations involving mean bond enthalpies
These involve calculations of enthalpy changes using mean bond enthalpies. 
The enthalpy change for a reaction can be calculated by adding together the 
mean bond enthalpies for all the bonds broken in the reactant molecules 
and subtracting the total of all the mean bond enthalpies of the bonds made 
in the products. The reactions are considered in the gas phase so that only 
the covalent bonds are involved in the calculations. In liquid or solid phase, 
intermolecular forces would also be involved. Any deviation of the answer to 
a calculation from the quoted value may be due to the mean bond enthalpy 
values used or the reactants not being in their standard states in the calculation.

ΔH = sum of mean bond enthalpies of bonds broken – sum of mean 
bond enthalpies of bonds made

Table 4.3 Bond lengths and bond 
enthalpies for covalent bonds in 
halogen molecules.

TIP
The units used for the bond length 
of covalent bonds are nanometres 
(nm): 1 nanometre (nm) is equal 
to 10–9 m. These units were 
encountered previously in bonding 
when discussing atomic radii and 
ionic radii.

Figure 4.23 The trend in bond 
enthalpies for the elements of Group 7.
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ExamplE	10
The reaction below represents the formation of hydrogen chloride.

H2(g) + Cl2(g) → 2HCl(g)

Use the following bond enthalpies to calculate a value for the  
enthalpy change of formation of hydrogen chloride. Explain  
whether the reaction is exothermic or endothermic.

 Bond Bond enthalpy/kJ mol–1

 H H 436

 Cl Cl 242

 H Cl 432

Answer
Calculate the energy required for moles of bond broken in the 
reactants:

1 mole of H H = 436

1 mole of Cl Cl = 242

Total energy required for bonds broken = 678 kJ mol–1

Calculate the energy released for moles of bonds formed in the products:

2 moles of H Cl = 2(432) = 864

Total energy released for bonds made = 864 kJ mol–1

ΔH = sum of mean bond enthalpies of bonds broken – sum of mean  
bond enthalpies of bonds made

ΔH = 678 – 864 = –186 kJ mol–1

The enthalpy of formation of hydrogen chloride is exothermic as ΔH is negative.

Figure 4.24 Bonds are broken in hydrogen 
and chlorine and new bonds are formed in 
hydrogen chloride.

ClCl

H H ClH

ClH

ExamplE	11
Calculate a value for the standard enthalpy of combustion of methane from  
the mean bond enthalpies given.

 Bond Mean bond enthalpy/kJ mol–1

 C H 412

 O H 463

 O O 496

 C O 803

Answer
In the combustion of methane, 1 mole of methane reacts with excess oxygen  
to form carbon dioxide and water.

CH4(g) + 2O2(g) → CO2(g) + 2H2O(l)

The following bonds are broken:

4 moles of C H

2 moles of O O
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ExamplE	12
Calculate a value for the standard enthalpy of  
combustion of butan-1-ol C4H9OH(g) using the  
following mean bond enthalpies.

Bond     Mean bond enthalpy/kJ mol–1

C C      348

C H      412

O H      463

C—O     360

O O      496

C O      803

Answer
Equation for combustion of butan-1-ol

C4H9OH(g) + 6O2(g) → 4CO2(g) + 5H2O(g)  (per mole  
of C4H9OH)

Figure 4.26 Butanol may be used as a fuel in an internal 
combustion engine. Because its longer hydrocarbon chain 
causes it to be fairly non-polar, it is more similar to petrol 
than it is to ethanol. Butanol has been demonstrated to 
work in vehicles designed for use with gasoline without 
modification. It can be produced from biomass as 
‘biobutanol’ and is a useful renewable fuel.

and the following bonds are made:

2 moles of C O

4 moles of O H

If you are unsure about the bonds broken or made from the equation  
for the reaction, draw out the structures of the molecules to make it  
clearer (Figure 4.25).

H C

H

H

H O O
O O

O C O

O

H H
O

H H

Figure 4.25

The sum of all the mean bond enthalpies of the bonds broken and the  
sum of all the mean bond enthalpies of the bonds made are calculated  
from the given mean bond enthalpies.

Sum of mean bond enthalpies of bonds broken = 4(412) + 2(496) = 2640 kJ mol–1

Sum of mean bond enthalpies of bonds made = 2(803) + 4(463) = 3458 kJ mol–1

ΔH = sum of mean bond enthalpies of bonds broken – sum of mean bond  
enthalpies of bonds made

Standard enthalpy of combustion of methane = + 2640 – 3458 = –818 kJ mol–1

The reaction is exothermic as ΔH is negative. The quoted value in data books  
for the standard enthalpy change of combustion of methane is –890 kJ mol–1.  
Enthalpy changes determined from mean bond enthalpies often differ from  
the quoted values as the mean bond enthalpies are not specific to the bonds  
in the molecules in this reaction. They are averaged across many different  
molecules containing that particular bond. 
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Structural equation showing all the moles of covalent bonds:

H C

H

H

C O O O C O

O

H H

H

H

C C

H

H

H

H

O H 56 4

Figure 4.27

Calculate the energy required for moles of bonds broken in the reactants:

     3 moles of C C = 3(348)

    9 moles of C H = 9(412) = 3708

    1 mole of C O = 360

   1 mole of O H = 463

    6 moles of O O = 6(496) = 2976

Total energy required for bonds broken = 8551 kJ mol–1

Calculate the energy released for moles of bonds formed in the products:

   8 C O = 8(803) = 6424

 10 O H = 10(463) = 4630

   Total energy released for bonds made = 11 054 kJ mol–1

ΔH = sum of mean bond enthalpies of bonds broken – sum of mean bond enthalpies of bonds made

ΔH = 8551 – 11054 = –2504 kJ mol–1

TEST YOURSELF
14 What is meant by the term ‘mean bond enthalpy’?

15 The table gives the bond lengths and mean bond enthalpies of some 
covalent bonds.

a) What is the general relationship between bond length and mean 
bond enthalpy?

b) By determining the bonds broken and bonds made during the 
combustion of propane, determine a value for the 
standard enthalpy of combustion of propane in kJ mol–1.

C3H8(g) + 5O2(g) → 3CO2(g) + 4H2O(g)

16 By determining the bonds broken and made during the 
combustion of gaseous ethanol, C2H5OH(g), determine a value for the 
standard enthalpy of combustion of ethanol.

C2H5OH(g) + 3O2(g) → 2CO2(g) + 3H2O(g)

17 In the following reaction ethane undergoes complete combustion:

C2H6(g) + 31
2
O2(g) → 2CO2(g) + 3H2O(l)

a) Using the mean bond enthalpies given in the table, calculate a value for the standard enthalpy of 
combustion of ethane in kJ mol–1.

b) The standard enthalpy of combustion of ethane is quoted as –1559.8 kJ mol–1. Explain why there is a 
difference between this value and the value you obtained in (a) above.

Bond
Bond 

length/nm
Mean bond 

enthalpy/kJ mol–1

H H 0.074 436

H O 0.096 463

C C 0.154 348

C C 0.134 611

C H 0.108 412

C O 0.143 360

C O 0.122 803

O O 0.121 496



 
4 

EN
ER

G
ET

IC
S

30

Exam practice questions
 1 Which of the following equations represents the standard enthalpy 

change of formation of hydrogen iodide?

A H2(g) + I2(s) → 2HI(g) B H2(g) + I2(g) → 2HI(g)

C 1

2
H2(g) + 1

2
I2(s) → HI(g) D 1

2
H2(g) + 1

2
I2(g) → HI(g) (1)

 2 In the expression q = mc∆T, which quantity has units of J g−1 K−1?

A q B m

C c D ∆T? (1)

 3 The standard enthalpy change for the formation of hydrogen fluoride is 
−269 kJ mol−1. What is the enthalpy change for the reaction 

2HF(g) → F2(g) + H2(g)?

A −269 B +269

C −538 D +538 (1)

 4 The standard enthalpy of combustion of methane, CH4(g), is 
−690 kJ mol−1. What is the temperature change when 0.02 mol of 
methane is burned completely in air and the heat released used to heat 
250 g of water? The specific heat capacity of water is 4.18 J g−1 K−1.

A 0.66 K B 1.32 K

C 13.2 K D 55.2 K (1)

 5 Write equations representing the standard enthalpy change of formation 
of the following compounds:

a) NaNO3(s)          (1) b) HBr(g) (2)

 6 Write equations representing the standard enthalpies of combustion for 
the following substances:

a) C7H16(l)   (1) b) H2(g)   (1) c) CO(g) (1)

  7  In an experiment, 1.00 g of hexane (C6H14) was completely burned 
in air. The heat evolved raised the temperature of 200 g of water from 
293.5 K to 345.1 K. Use this data to calculate a value for the enthalpy of 
combustion of hexane to an appropriate number of significant figures. 
(The specific heat capacity of water is 4.18 J g−1 K−1.) (4)

a)  i)   Give the meaning of the term ‘standard enthalpy of 
combustion’. (1)

ii)  Write an equation to represent the standard enthalpy of 
combustion of butan-1-ol, CH3CH2CH2CH2OH(l). (1)

b)  0.600 g of butan-1-ol were burned under a beaker containing 250 g 
of water. The temperature of the water rose by 19.40 °C. Using the 
specific heat capacity of water as 4.18 J g−1 K−1, calculate a value for 
the enthalpy of combustion of butan-1-ol to two decimal places. (4)

30
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Exam
 practice questions

  8  In an experiment, 0.750 g of benzene (C6H6) were completely burned 
in air. The heat raised the temperature of 200 g of water by 43.7 °C. 
Use this data to calculate the enthalpy of combustion of benzene. (The 
specific heat capacity of water is 4.18 J g−1 K−1.) Give your answer to one 
decimal place. (4)

 9  Barium carbonate decomposes on heating according to the equation:

BaCO3(s) → BaO(s) + CO2(g)

Standard enthalpy of formation data is provided in the table below.

BaCO3(s) BaO(s) CO2(g)

ΔHf/kJ mol-1 –1216 –554 –394

a) Write equations to represent the reactions for the following standard 
enthalpies of  formation.

i) formation of barium carbonate (1)

ii) formation of barium oxide (1)

iii) formation of carbon dioxide (1)

b) Use the standard enthalpies of formation in the table above to 
calculate a value for the enthalpy change of the reaction:

BaCO3(s) → BaO(s) + CO2(g)            (3)

 10  a)  Using the standard enthalpy of formation data in the table below, 
calculate a value for the enthalpy for the following reaction:

4FeS2(s) + 11O2(g) → 2Fe2O3(s) + 8SO2(g)         (3)

FeS2(s) O2(g) Fe2O3(s) SO2(g)

ΔHf/kJ mol-1 –178 0 –824 –297

b)  Explain why the standard enthalpy of formation of O2(g)  
is zero. (1)

 11   Calculate a value for the enthalpy change of this reaction given the 
following enthalpies of formation:

2NaNO3(s) → 2NaNO2(s) + O2(g)

ΔHf  NaNO3(s) = −468 kJ mol−1

ΔHf  NaNO2(s) = −359 kJ mol−1 (3)

 12   Calculate the enthalpy change of reaction for 

2CO(g) + O2(g) → 2CO2(g) 

Given the following standard enthalpy of formation values.

ΔHf  (CO(g)) = −110.5 kJ mol−1

ΔHf  (CO2(g)) = −394 kJ mol−1 (3)
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 13   Propan-2-ol, C3H7OH(g), undergoes complete combustion in the 
following reaction:

C3H7OH(g) + 41

2
O2(g) → 3CO2(g) + 4H2O(g)

Calculate a value for the standard enthalpy of combustion of propan-2-ol 
using the mean bond enthalpies below:

C H 412

O H 463

C O 360

C C 348

O O 496

C O 803 (3)
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