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AREA OF STUDY 1
WHAT ARE THE OPTIONS FOR ENERGY PRODUCTION?

1 Obtaining energy from fuels

1.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, eBookPLUS and learnON at www.jacplus.com.au.

1.1.1 Introduction FIGURE 1.1 Fossil fuels will not last indefinitely — can
biofuels provide the energy for all future transportation modes?Fuels are burned to produce heat energy.

This energy is used to heat our homes, and
for transport and industrial processes. It
can also be converted into electrical energy,
which can be conveniently transported over
long distances and used to power many
machines and appliances. The challenge for
our society is to meet its increasing energy
demands with a reliable supply of energy
from clean, efficient and sustainable sources.

1.1.2 What you will learn

KEY KNOWLEDGE
In this topic, you will investigate:
• the definition of a fuel, including the distinction between fossil fuels and biofuels with reference to origin
and renewability (the ability of a resource to be replaced by natural processes within a relatively short
period of time)

• combustion of fuels as exothermic reactions with reference to the use of the joule as the SI unit of energy,
energy transformations and their efficiencies and measurement of enthalpy change including symbol (∆H)
and common units (kJ mol–1, kJ g–1, MJ/tonne)

• the writing of balanced thermochemical equations, including states, for the complete and incomplete
combustion of hydrocarbons, methanol and ethanol, using experimental data and data tables

• the definition of gas pressure including units, the universal gas equation and standard laboratory conditions
(SLC) at 25 °C and 100 kPa

• calculations related to the combustion of fuels including use of mass-mass, mass-volume and
volume-volume stoichiometry in calculations of enthalpy change (excluding solution stoichiometry) to
determine heat energy released, reactant and product amounts and net volume of greenhouse gases at a
given temperature and pressure (or net mass) released per MJ of energy obtained

• the use of specific heat capacity of water to determine the approximate amount of heat energy released in
the combustion of a fuel.

Source: VCE Chemistry Study Design (2016–2021) extracts © VCAA; reproduced by permission.
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PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Digital documents Key science skills (doc-30903)

Key terms glossary — Topic 1 (doc-31392)

Practical investigation logbook (doc-31393)

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and practice
exam question booklet (doc-31394).

1.2 Fossil fuels and biofuels

KEY CONCEPT
• The definition of a fuel, including the distinction between fossil fuels and biofuels with reference to origin
and renewability (ability of a resource to be replaced by natural processes within a relatively short period
of time)

FIGURE 1.2 Explosives are an example of an
exothermic fuel.

1.2.1 What is a fuel?
A fuel is a substance that is exothermic, which means
that it releases energy in the form of heat. Some fuels,
such as uranium, release energy from nuclear reactions,
but most fuels release heat energy when they react with
oxygen. This is called combustion.

1.2.2 Distinction between a fossil
fuel and a biofuel
Fossil fuels are carbon-based energy sources that were
formed extremely slowly from the decaying remains of
plants and animals that accumulated millions of
years ago.
Biofuels are carbon-based energy sources that are

primarily formed from plant matter. This biomass was
created in a much shorter period of time (for example,
12 months for sugarcane) and can be used in its natural
state or converted into a more easily usable form. In particular, biogas, bioethanol and biodiesel are used
in Australia as energy sources, although research into improving the sustainability of biofuel production is
ongoing. See topic 2 for more about Australia’s energy sources.

1.2.3 Renewable and non-renewable resources
A fuel’s renewability is based on the ability of a resource to be replaced by natural processes within a
relatively short period of time. This means the amount of time it takes to produce the fuel by natural
processes when compared to the rate at which the fuel is consumed. If the fuel can be replaced by naturalPdf_Folio:4
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processes at a rate that is greater than its consumption, then it is considered renewable. Biofuels, and solar,
hydro-electric, tidal, geothermal and wave energy are all examples of renewable resources. Fossil and
nuclear fuels cannot be replaced by natural processes at a rate that is greater than their consumption and
so are non-renewable.

FIGURE 1.3 Renewable and non-renewable energy sources.
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1.2.4 Origin of fossil fuels
Fossil fuels are the most widely used fuel sources in the world. The most common fossil fuels are coal,
petroleum and liquefied petroleum gas (LPG), and natural gas.

Coal
Coal is the world’s most plentiful fossil fuel. It was formed from the combined effects of pressure,
temperature, moisture and bacterial decay on vegetable matter over several hundred million years. Decaying
vegetation progressively became peat (like soil and very soft), lignite (crumbly brown coal), bituminous
coal (hard black coal) and anthracite (very hard black coal). As this progression occurred over time,
the moisture content dropped and the carbon content increased as shown in figure 1.5. These changes in
composition made it a more efficient fuel, so anthracite is the highest quality coal.Pdf_Folio:5
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FIGURE 1.4 Uranium is a non-renewable, very high energy
source. When refined from ore, 1 kg of Uranium-235 contains
2–3 million times the energy equivalent of 1 kg of coal.
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FIGURE 1.5 Many different types of coal exist and their
energy content varies. Anthracite (black) coal has more than
twice the energy content of brown coal.
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The main elements in coal are carbon
(50–98%), hydrogen (3–13%), oxygen and
very small amounts of nitrogen and sulfur. It
also contains moisture and inorganic material
that remains as ash when coal is burned.
Traditionally, coal was burned in lumps, but
ground coal powder is now used to improve
the rate and efficiency of combustion.

Victoria generates most of its electricity
from brown coal, which has about a
quarter of the heat content of black coal.
Brown coal can have up to 30% oxygen
content, a relatively low carbon content of
60 to 75% when dried, and a high moisture
content of 30 to 70%.

Through a process called destructive
distillation, coal can be converted into
many useful products, such as briquettes for
heating, coal gas, sulfur, ammonia, benzene,
coal tar and coke. Coal may be converted into electricity, gas or liquid fuels, all of which can be transported
and used more cheaply and conveniently than solid coal.

Petroleum and LPG
Petroleum (also called crude oil) is typically a
viscous mixture composed of many different
hydrocarbon compounds. It was formed from
the remains of marine organisms, such as
bacteria, algae and plankton. These marine
organisms were altered, in a process similar to
coal formation, from the combined effects of
pressure, temperature, moisture and decay.

Petroleum is refined by fractional distillation,
which separates out the component fuels based
on their different boiling points. This process
is performed in tall towers that are cooler at the
top than at the bottom. The crude oil is heated
and then introduced to the base of the tower. At
this point, many of its components vaporise and
these vapours rise up the tower, being cooled as
they do so. When the vapours reach a point at
which the tower’s temperature equals their boiling
temperature, condensation occurs. Specially
designed trays containing bubble caps are placed
inside the tower at strategic intervals. These are
designed to allow the vapours to continue rising but stop condensed fractions from dripping back down to
lower levels in the tower. The condensed fractions may then be removed from these trays to undergo further
processing. Figure 1.6 shows a simplified outline of this process.

Fuels obtained from petroleum include petrol, liquefied petroleum gas, diesel fuel, heating oil and
kerosene. Petroleum is also the raw material for a number of useful materials, including plastics, paints,
synthetic fibres, medicines and pesticides.
Pdf_Folio:6
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FIGURE 1.6 Schematic of fractional distillation of crude
oil showing levels of the fractionating column
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Liquefied petroleum gas (LPG) is a hydrocarbon fuel that consists mainly of propane and butane. It is
non-toxic, non-corrosive, lead-free and denser than air. LPG is liquefied under pressure but, when allowed
to vaporise, it expands to nearly 300 times its liquefied volume. This means that LPG can be stored as a
compact liquid but burns as a dry, gaseous vapour. LPG is popular with motorists, such as fleet-vehicle
owners or taxi drivers, because it is considered to be a more economical energy source. Although LPG
conversion costs for cars running on petrol are quite high, more people is considered to make the conversion
(or buy new cars designed to run on LPG) because LPG prices are less variable, and potentially lower over
the long term, than petrol prices.

Digital document Experiment 1.1 Fractional distillation of an ethanol/water mixture (doc-31250)

Teacher-led video Experiment 1.1 Fractional distillation of an ethanol/water mixture (eles-3225)

Natural gas and coal seam gas
FIGURE 1.7 Methane gas is used in homes
because it readily undergoes complete
combustion.

Natural gas is formed with oil in muds that are low in
oxygen and rich in organic matter (typically ancient
marine organisms). Natural gas is the lightest of the
hydrocarbons produced, and is primarily composed of
methane (CH4). It is an important source of alkanes
of low molecular mass. Victoria has large reserves of
natural gas in the Gippsland basin. Typically, natural gas
is composed of about 80% methane, 10% ethane, 4%
propane and 2% butane. The remaining 4% consists of
nitrogen and hydrocarbons of higher molecular mass.
Natural gas also contains a small amount of helium and
is one of its major sources.

Natural gas is less dense than air, which means that
it disperses in air. However, it is explosive in certain
concentrations, so a safety measure incorporated by gas companies is to add an odour to natural gas so that
leaks may be readily detected. Natural gas itself is odourless.

Methane is the major constituent of natural gas and it burns with a hot, clean flame.

CH4(g)+ 2O2(g) → CO2(g)+ 2H2O(g)

Coal miners have long been aware of the dangers of methane gas. Released from coal seams during
underground mining operations, methane gas has been responsible for many explosions and subsequent
tragedies. Methane gas, besides being found in association with petroleum deposits, is also a by-product of
coal formation. It is often absorbed onto the surface of coal deposits deep underground.

Coal seam gas (CSG), also called coal bed methane, is extracted by drilling deep wells into underground
coal deposits. Such wells are typically 100 to 1500 m deep and are below the level of aquifers used for bore
water supplies in inland Australia. The coal seams, which are nearly always filled with water, are further
injected with water or chemicals to increase the pressure and crack the rocks. The accompanying decrease
in pressure in the coal seam below allows the methane to desorb from the coal. It is then brought to the
surface through the drilled well, along with more of the underground water. This process is called fracking.

Australia has large deposits of coal seam gas, which are now being extracted from the Bowen and Surat
Basins in eastern Queensland and northern New South Wales. The methane produced is relatively free from
impurities, often containing only small amounts of ethane, nitrogen and carbon dioxide, and so requires
Pdf_Folio:7
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minimal processing. It is used in the same way as natural gas and also contributes to a growing export
industry for liquefied natural gas.

FIGURE 1.8 Coal seam gas is produced from coal deposits that lie deep underground.
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FIGURE 1.9 Public opinion is divided over the
environmental impact of fracking, and France, Germany,
Scotland and some US states have banned its use.

Although the coal seam gas industry has
shown enormous expansion since 1996, there
are concerns from various groups about its
environmental impact. These include farmers
who worry that it might pollute aquifers that
supply some of Australia’s most economic
farming land. Concerns have also been raised
about the use of fracking to increase gas flow in
wells. Fracking has been used around Australia,
but current regulations are inconsistent in each
state and territory. Victoria became the first
state to permanently ban fracking on land. As
fracking involves injecting very large amounts
of water and other chemicals deep underground,
environmental groups say drinking water and
aquifers can become contaminated during
this process.

1.2.5 Origin of biofuels
Biofuels are fuels made from waste plant and animal matter. They have been growing more popular in
recent years due to the rise in oil prices and because of the impact fossil fuel combustion has on global
warming. The three most common biofuels are biogas, bioethanol and biodiesel.

Pdf_Folio:8
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Biogas
Biogas is a combustible fuel used to generate electricity, light, heat, motion and fuels such as ethanol,
and may contain up to 65% methane. It is produced when animal waste or other organic material rots in
the absence of oxygen, such as when rubbish has been buried underground, or in digestive processes of
mammals that involve the breakdown of food by bacteria in the gut. The most common material used for
biogas production is livestock manure. The manure is fed into an airtight digester where it is allowed to
ferment. The biogas produced is then collected and stored in a tank (see figure 1.10).

Biogas is commonly used to power furnaces, heaters and engines, and to generate electricity. Compressed
biogas can also be used to fuel vehicles, and the residue from a biogas digester can be used as a fertiliser.

FIGURE 1.10 Biogas is a useful energy source.
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Bioethanol
FIGURE 1.11 Raw materials used in the production of
bioethanol.

Bioethanol is primarily used as a substitute for
petrol in vehicles. Bioethanol is obtained by
fermenting sugar from sources such as waste
wheat starch and molasses, which is a by-product
of sugar production. Up to about 10% anhydrous
ethanol (E10) can be used as an additive to petrol
without engine modification.

There are advantages and disadvantages to
using ethanol-blended fuel. One advantage is
that it reduces some pollutant emissions and
contributes fewer greenhouse gases because
production involves the use of a waste product.
Environmentally, the presence of oxygen in the
ethanol assists the complete combustion of the
petrol, and emissions of carbon monoxide and
aromatic hydrocarbons are reduced. However,
the cost of processing ethanol compared with
petrol will need to be improved, and ethanol produces less energy per gram. Ethanol can also contribute
to the breakdown of some plastic and rubber parts in vehicles. In some countries there may be a dilemma
concerning using land for food or fuel crops. Although burning ethanol puts back into the atmosphere
carbon dioxide that was originally absorbed by photosynthesis, some carbon dioxide is released in the
production of the ethanol.Pdf_Folio:9
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FIGURE 1.12 Using sugarcane instead of soy bean
to make the oil which is processed into biodiesel
improves the yield by around 12% per acre.

Biodiesel
Biodiesel is a diesel alternative that can be made
from plant oils and animal fats. Typical sources
include canola, palm oil and animal tallow. It
can also be made from used cooking oil, such
as that used in restaurant fryers. The CSIRO
has estimated that Australia could reduce its
petrodiesel demand by 4 to 8% if all current
sources of plant oil, tallow and waste cooking
oil were used.

Oils and fats are naturally occurring esters
formed between long-chain carboxylic acids
(known as fatty acids) and glycerol. Common fatty
acids are summarised in table 1.1. Figure 1.13
shows the structure of glycerol and a typical
fatty acid.

FIGURE 1.13 Structures of (a) glycerol and (b) a typical fatty acid
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TABLE 1.1 Formulas of
some fatty acids

Name Formula

Palmitic C15H31COOH

Palmitoleic C15H29COOH

Stearic C17H35COOH

Oleic C17H33COOH

Linoleic C17H31COOH

Linolenic C17H29COOH

Biodiesel is produced by reacting oils or fats (also called triglycerides)
with an alcohol. Although a number of small alcohols can be used, the
most common is methanol. Heat and either concentrated sodium or
potassium hydroxide, which acts as a catalyst, are used in this process.
It can be made on a small scale, using homemade equipment or with
specially purchased kits, or on a much larger scale for commercial
distribution. The chemical reaction involved converts one type of ester
into another and is called transesterification. A typical transesterification
is shown in figure 1.14. The glycerol formed can be sold as a by-product
for use in cosmetics and foods, and as a precursor for certain explosives.

While biodiesel is regarded as a more environmentally friendly choice
than diesel, the most economical method of biodiesel production requires
the use of non-renewable fossil fuels to make the methanol required for
the transesterifcation process. In this process, steam reforming is used to
produce ‘synthesis gas’, which then undergoes further reactions to make
methanol. When natural gas (methane) is used as the feedstock, the overall
equation for this process is:

CH4(g)+ H2O(g) → CH3OH(g)+ H2(g)

To overcome this problem, a number of methods of producing methanol economically from renewable
resources are being investigated. The most exciting of these involves using the glycerol produced in the
transesterification reaction as the initial feedstock for producing synthesis gas to feed into the methanol
production process. Another method involves using a catalyst to facilitate the direct conversion of glycerol
to methanol. A number of new methods are also being developed to convert the cellulose in waste or
low-quality plant material into biodiesel.
Pdf_Folio:10
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FIGURE 1.14 A typical transesterification reaction
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1.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Why do you think brown coal is used on such an extensive scale to generate electricity in Victoria, even
though it has a relatively low energy content?

2. (a) What is a fuel?
(b) Give four examples of fuels that you have used in the last week.
(c) What is the difference between a fossil fuel and a biofuel?

3. Fuels, and energy sources in general, may be classified as either renewable or non-renewable.
(a) Define the terms ‘renewable’ and ‘non-renewable’ as they apply to this context.
(b) Are all biofuels renewable? Explain.
(c) Are renewable energy sources always biofuels? Explain.

4. Write the formula for biodiesel if it is produced from palmitic acid and methanol.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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1.3 Combustion of fuels

KEY CONCEPT
• Combustion of fuels as exothermic reactions with reference to the use of the joule as the SI unit of energy,
energy transformations and their efficiencies and measurement of enthalpy change including symbol (∆H)
and common units (kJ mol–1, kJ g–1, MJ/tonne)

1.3.1 What is energy?

FIGURE 1.15 Crude oil fires are extre-
mely difficult to extinguish and produce
around 38 000 kJ L–1 of energy upon
combustion.

In scientific terms, ‘energy’ is defined as the capacity to do
‘work’. Energy can be neither created nor destroyed but only
changed from one form to another. It exists in various forms
and, in chemistry, is focused on the potential energy stored
and released from bonds. The SI unit for energy is the joule;
it has the symbol J. One J is a relatively small amount of
energy. It takes about 70 000 J to boil water for a cup of tea.
Given that when a fuel combusts it produces large amounts of
energy, chemists often convert joules into kilojoules (kJ) or
megajoules (MJ).

1.3.2 Different forms of energy
Energy may take a number of different forms. These include:
• mechanical energy
• thermal (heat) energy
• chemical energy
• light energy
• sound energy
• electrical energy
• gravitational energy
• nuclear energy.
All of these forms of energy may be classified as either potential energy (energy that is stored,

ready to do work) or kinetic energy (energy associated with movement, in doing work).

FIGURE 1.16 Types of potential energy
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FIGURE 1.17 Types of kinetic energy
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The total energy of an object is the sum of its potential and kinetic energy. All objects, from
the smallest atom to the largest space rocket, have potential and kinetic energy.

1.3.3 Energy conversions
Whatever form energy takes, it is governed by two general laws of thermodynamics.

The first law states that energy is neither created nor destroyed, but simply changes from one form into
another. Whenever energy is converted from one form to another, the total quantity of energy remains the
same. This is sometimes called the Law of Conservation of Energy.

FIGURE 1.18 An illustration of the Law of Conservation of Energy.
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 A  Trenches were generally designed in a zigzag pattern; this helped to protect the trench against enemy attack.

 B  Trench toilets were called latrines. They were usually pits 1.5  metres deep, dug at the end of a short gangway. 
Each company had two sanitary personnel whose job it was to keep the latrines in good condition. Offi cers 
gave out sanitary duty as a punishment for breaking army regulations.

 The British army employed 300  000 fi eld workers to cook and supply the food for the troops. However, in 
many instances there was not enough food for the workers to cook. Rations were regularly cut and of a poor 
standard. The bulk of the diet in the trenches was bully beef (canned corned beef), bread and biscuits.

France fi nds allies
From 1888 Germany’s foreign policy took a new direction. When Germany failed to renew a treaty 
(see SOURCES 3 and 4). Alarmed by Germany’s move, Britain signed the Entente Cordiale with Russia 
linked up in the Triple Entente. Confl icting French and German interests in North Africa and confl icting 
Russian sions would erupt into war.

Blood pressure varies throughout the day and can be affected by certain factors such as physical 
activity and stress. It is therefore important to have blood pressure tested regularly.

Either systolic or diastolic pressure can be used to determine which category a person’s blood pressure 
fi ts into. A person with high blood pressure has hypertension, a common health concern throughout 
the world. The blood of a person with hypertension does not fl ow through the blood vessels as easily as 
someone with normal blood pressure. This may mean that their heart and kidneys (which regulate blood 
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changes. According to Australia’s health 2014, hypertension was the most condition by GPs and nearly 
eight per cent of the burden of disease in Australia in 2003 was attributable to hypertension.
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A Water stored in a dam has potential energy.

SOURCE 1 Modern artist’s interpretation of a typical trench system
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 A  Trenches were generally designed in a zigzag pattern; this helped to protect the trench against enemy attack.

 B  Trench toilets were called latrines. They were usually pits 1.5  metres deep, dug at the end of a short gangway. 
Each company had two sanitary personnel whose job it was to keep the latrines in good condition. Offi cers 
gave out sanitary duty as a punishment for breaking army regulations.

 The British army employed 300  000 fi eld workers to cook and supply the food for the troops. However, in 
many instances there was not enough food for the workers to cook. Rations were regularly cut and of a poor 
standard. The bulk of the diet in the trenches was bully beef (canned corned beef), bread and biscuits.

France fi nds allies
From 1888 Germany’s foreign policy took a new direction. When Germany failed to renew a treaty 
(see SOURCES 3 and 4). Alarmed by Germany’s move, Britain signed the Entente Cordiale with Russia 
linked up in the Triple Entente. Confl icting French and German interests in North Africa and confl icting 
Russian sions would erupt into war.

Blood pressure varies throughout the day and can be affected by certain factors such as physical 
activity and stress. It is therefore important to have blood pressure tested regularly.

Either systolic or diastolic pressure can be used to determine which category a person’s blood pressure 
fi ts into. A person with high blood pressure has hypertension, a common health concern throughout 
the world. The blood of a person with hypertension does not fl ow through the blood vessels as easily as 
someone with normal blood pressure. This may mean that their heart and kidneys (which regulate blood 
pressmay be restricted. Hypertension is a contributing factor to many conditions, including cardiovascular 
disease such as heart attack and stroke, and kidney failure. These conditions cause many deaths in 
Australia. Hypertension has been called the ‘silent killer’ because it has no symptoms. Regular check-ups 
are the only way to monitor blood pressure. Hypertension can be controlled with medication and lifestyle 
changes. According to Australia’s health 2014, hypertension was the most condition by GPs and nearly 
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B Water flows downhill and is converted to kinetic energy.

SOURCE 1 Modern artist’s interpretation of a typical trench system
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 A  Trenches were generally designed in a zigzag pattern; this helped to protect the trench against enemy attack.

 B  Trench toilets were called latrines. They were usually pits 1.5  metres deep, dug at the end of a short gangway. 
Each company had two sanitary personnel whose job it was to keep the latrines in good condition. Offi cers 
gave out sanitary duty as a punishment for breaking army regulations.

 The British army employed 300  000 fi eld workers to cook and supply the food for the troops. However, in 
many instances there was not enough food for the workers to cook. Rations were regularly cut and of a poor 
standard. The bulk of the diet in the trenches was bully beef (canned corned beef), bread and biscuits.

France fi nds allies
From 1888 Germany’s foreign policy took a new direction. When Germany failed to renew a treaty 
(see SOURCES 3 and 4). Alarmed by Germany’s move, Britain signed the Entente Cordiale with Russia 
linked up in the Triple Entente. Confl icting French and German interests in North Africa and confl icting 
Russian sions would erupt into war.

Blood pressure varies throughout the day and can be affected by certain factors such as physical 
activity and stress. It is therefore important to have blood pressure tested regularly.

Either systolic or diastolic pressure can be used to determine which category a person’s blood pressure 
fi ts into. A person with high blood pressure has hypertension, a common health concern throughout 
the world. The blood of a person with hypertension does not fl ow through the blood vessels as easily as 
someone with normal blood pressure. This may mean that their heart and kidneys (which regulate blood 
pressmay be restricted. Hypertension is a contributing factor to many conditions, including cardiovascular 
disease such as heart attack and stroke, and kidney failure. These conditions cause many deaths in 
Australia. Hypertension has been called the ‘silent killer’ because it has no symptoms. Regular check-ups 
are the only way to monitor blood pressure. Hypertension can be controlled with medication and lifestyle 
changes. According to Australia’s health 2014, hypertension was the most condition by GPs and nearly 
eight per cent of the burden of disease in Australia in 2003 was attributable to hypertension.
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C The falling water turns the blades of a waterwheel so that kinetic energy is converted to
mechanical energy.

SOURCE 1 Modern artist’s interpretation of a typical trench system
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 A  Trenches were generally designed in a zigzag pattern; this helped to protect the trench against enemy attack.

 B  Trench toilets were called latrines. They were usually pits 1.5  metres deep, dug at the end of a short gangway. 
Each company had two sanitary personnel whose job it was to keep the latrines in good condition. Offi cers 
gave out sanitary duty as a punishment for breaking army regulations.

 The British army employed 300  000 fi eld workers to cook and supply the food for the troops. However, in 
many instances there was not enough food for the workers to cook. Rations were regularly cut and of a poor 
standard. The bulk of the diet in the trenches was bully beef (canned corned beef), bread and biscuits.

France fi nds allies
From 1888 Germany’s foreign policy took a new direction. When Germany failed to renew a treaty 
(see SOURCES 3 and 4). Alarmed by Germany’s move, Britain signed the Entente Cordiale with Russia 
linked up in the Triple Entente. Confl icting French and German interests in North Africa and confl icting 
Russian sions would erupt into war.

Blood pressure varies throughout the day and can be affected by certain factors such as physical 
activity and stress. It is therefore important to have blood pressure tested regularly.

Either systolic or diastolic pressure can be used to determine which category a person’s blood pressure 
fi ts into. A person with high blood pressure has hypertension, a common health concern throughout 
the world. The blood of a person with hypertension does not fl ow through the blood vessels as easily as 
someone with normal blood pressure. This may mean that their heart and kidneys (which regulate blood 
pressmay be restricted. Hypertension is a contributing factor to many conditions, including cardiovascular 
disease such as heart attack and stroke, and kidney failure. These conditions cause many deaths in 
Australia. Hypertension has been called the ‘silent killer’ because it has no symptoms. Regular check-ups 
are the only way to monitor blood pressure. Hypertension can be controlled with medication and lifestyle 
changes. According to Australia’s health 2014, hypertension was the most condition by GPs and nearly 
eight per cent of the burden of disease in Australia in 2003 was attributable to hypertension.
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D The waterwheel turns a generator to convert mechanical energy into electrical energy.

SOURCE 1 Modern artist’s interpretation of a typical trench system
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 A  Trenches were generally designed in a zigzag pattern; this helped to protect the trench against enemy attack.

 B  Trench toilets were called latrines. They were usually pits 1.5  metres deep, dug at the end of a short gangway. 
Each company had two sanitary personnel whose job it was to keep the latrines in good condition. Offi cers 
gave out sanitary duty as a punishment for breaking army regulations.

 The British army employed 300  000 fi eld workers to cook and supply the food for the troops. However, in 
many instances there was not enough food for the workers to cook. Rations were regularly cut and of a poor 
standard. The bulk of the diet in the trenches was bully beef (canned corned beef), bread and biscuits.

France fi nds allies
From 1888 Germany’s foreign policy took a new direction. When Germany failed to renew a treaty 
(see SOURCES 3 and 4). Alarmed by Germany’s move, Britain signed the Entente Cordiale with Russia 
linked up in the Triple Entente. Confl icting French and German interests in North Africa and confl icting 
Russian sions would erupt into war.

Blood pressure varies throughout the day and can be affected by certain factors such as physical 
activity and stress. It is therefore important to have blood pressure tested regularly.

Either systolic or diastolic pressure can be used to determine which category a person’s blood pressure 
fi ts into. A person with high blood pressure has hypertension, a common health concern throughout 
the world. The blood of a person with hypertension does not fl ow through the blood vessels as easily as 
someone with normal blood pressure. This may mean that their heart and kidneys (which regulate blood 
pressmay be restricted. Hypertension is a contributing factor to many conditions, including cardiovascular 
disease such as heart attack and stroke, and kidney failure. These conditions cause many deaths in 
Australia. Hypertension has been called the ‘silent killer’ because it has no symptoms. Regular check-ups 
are the only way to monitor blood pressure. Hypertension can be controlled with medication and lifestyle 
changes. According to Australia’s health 2014, hypertension was the most condition by GPs and nearly 
eight per cent of the burden of disease in Australia in 2003 was attributable to hypertension.
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E Electrical energy may be converted into light energy, sound energy and heat energy in the
home.

The second law states that, although the quantity of energy in the universe may stay the same, the
quality or usability gets worse. This is because whenever energy is converted from one form to another,
heat is also produced. This is low-temperature heat, which is difficult to use. It simply warms up the Earth’s
atmosphere by a small amount. So, after each energy change, less usable energy remains.

Photosynthesis
Plants take carbon dioxide from the air and water from the roots to effect the energy change in a process
called photosynthesis. In addition to providing food for animals as a result of this process, they provide
oxygen as a by-product of the reaction.

The following reaction outlines how plants produce simple sugars (in this case glucose) through
photosynthesis and remove carbon dioxide from the atmosphere:

6CO2(g)+ 6H2O(l) → C6H12O6(aq)+ 6O2(g)

Using sunlight, plants create compounds that store energy in their bonds. Reversing the above reaction
releases this stored bond energy and the carbon dioxide back into the atmosphere (a combustion reaction).
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FIGURE 1.19 Plants act as energy converters. They change the heat and
light energy from the Sun into chemical energy that is stored in the plant.

heat and

light 

energy

carbon dioxide 

(from the air)

water

(from the roots)

chemical 

energy

oxygen

CONVERSION OF ENERGY IN POWER STATIONS
When coal is burned, its stored chemical potential energy is converted into heat energy. This heat energy is used
to convert water into steam, so heat energy is converted into kinetic energy. The steam flows past a turbine
so the kinetic energy of the steam is converted into mechanical energy in the spinning turbine. The turbine is
connected to a generator, which converts mechanical energy into electrical energy. Electrical energy may then
be used to power a wide range of appliances in the home and in industry.
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1. Coal inlet
2. Air intake
3. Air is preheated by exhaust gases from boiler.
4. Water is converted to steam.
5. Heat energy is converted to mechanical energy.
6. Mechanical energy is converted to electrical energy.
7. Hot water from condenser
8. Steam from turbo-generator is cooled in condenser, then recycled to boiler.
9. Waste products of combustion

Video eLesson Coal-fired power station (eles-XXXX)

1.3.4 Energy efficiency
The efficiency of energy conversion is a concept that follows from the second law of thermodynamics. It
takes the amount of usable energy obtained into account and is defined as a percentage.

Energy efficiency (%):

efficiency = energy obtained in desired form
energy available before conversion

× 100
1

Energy transformations are not 100% efficient. This is because heat is also produced when energy
conversions take place. The second law of thermodynamics states that a high quality of energy is
transformed to a lower quality of energy and some heat.

FIGURE 1.20 The efficiency of changing one energy form into another varies.
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When electricity generation is considered, the calculations must take into account the efficiency of the
generation process. For example, to produce 1 MJ of electrical energy, assuming the generation process is
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30% efficient, enough fuel would need to be burned to produce 3.33 MJ of heat energy. The mass of carbon
dioxide produced in supplying 3.33 MJ would then need to be calculated.

Both transport and the generation of electricity consume large amounts of fossil fuels and, in the process,
add large amounts of carbon dioxide to the atmosphere. As nations work to reduce their greenhouse gas
emissions, alternative fuels need to be considered. When considering fuels, the amount of carbon dioxide
emitted per unit of energy produced is a useful comparison.

FIGURE 1.21 The consumption of fossil fuels to produce energy releases large
amounts of carbon dioxide and water vapour into the environment.

SAMPLE PROBLEM 1

A compact fluorescent light bulb converts electrical energy into light energy. As part of a quality
control test, it was found to convert 9.0 kJ of electrical energy into 1.8 kJ of light energy.
Calculate its efficiency.

Video eLesson: Sample problem 1 (eles-3212)

THINK WRITE

1. Recall the energy efficiency formula,
%efficiency =
energy obtained in desired form

energy available before conversion
× 100

1
and identify the variables.

Energy obtained in desired form = 1.8 kJ
Energy available before conversion = 9.0 kJ

2. Substitute in the appropriate values. If your
answer is greater than 100 you have the
energy values the wrong way around.

% efficiency = 1.8
9.0

× 100

= 20%
Give your answer to 2 significant figures.
TIP: A similar formula can be found in
Table 3 of the VCE Chemistry Data Book:
%yield and %atom economy.
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PRACTICE PROBLEM 1
The electricity from a coal-fired power station is used to power an electric motor. If the overall
efficiency of the power station is 28%, and the efficiency of the motor in producing mechanical
energy is 75%, calculate the overall efficiency for the conversion of chemical energy in coal to
mechanical energy.

1.3.5 Energy changes in reactions
The energy changes that accompany chemical reactions are vital to us. To survive, we depend on the energy
content of the food we eat. Our bodies can convert the energy of the chemical bonds in food into other kinds
of energy. The quality of lifestyle we lead depends on harnessing energy from different chemical sources,
including coal, oil, natural gas and renewable fuels.

The study of the energy changes that accompany chemical reactions is called thermochemistry or
chemical energetics. In general, all chemical reactions involve energy changes. The chemical energy stored
in a substance has the potential to be converted to heat or electricity (for more on chemical energy converted
to electricity see topic 3).

A certain amount of chemical energy is stored within every atom, molecule or ion. This energy is the sum
of the potential energy and kinetic energy of the substance and results from:
• the attractions and repulsions present between protons and electrons within the atom
• the attractions and, to some degree, repulsions present between atoms within a molecule
• the motion of the electrons
• the movement of the atoms.

FIGURE 1.22 A change in enthalpy occurs
when magnesium burns.The total energy stored in a substance is called

the enthalpy of the substance and is given the
symbol H. Unfortunately, we cannot directly measure
the heat content of a substance, but we can measure the
change in enthalpy when the substance undergoes a
chemical reaction. In virtually all chemical reactions,
the energy of the reactants and products differ, so such
reactions usually involve some change in enthalpy,
which is indicated by a temperature rise or fall. The
change in enthalpy during a reaction is denoted by ∆H
and is usually known as the heat of reaction, but there
are some reactions for which specific names have been
given.
• Heat of solution is the change in enthalpy when 1 mole of any substance dissolves in water.
• Heat of neutralisation is the change in enthalpy when an acid reacts with a base to form 1 mole of

water.
• Heat of vapourisation is the change in enthalpy when 1 mole of liquid is converted to a gas.
• Heat of combustion is the enthalpy change when a substance burns in air, and is always exothermic.

The change in enthalpy, ∆H, is determined by:

Change in enthalpy (𝚫H)= (enthalpy of products)− (enthalpy of reactants)

𝚫H= HP −HR
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The enthalpy change, or heat change, of a reaction depends on the amount and temperature of reactants
used, compared with that of the final products. To remove these variables in enthalpy studies, the following
conditions are assumed:
• the initial temperature of the reactants and final temperature of the products is the same and is 25 °C
• 1 mole of the substance is involved
• solutions have a concentration of 1M
• the heat absorbed or released is measured in kilojoules
• the pressure is kept at 100.0 kPa.
These conditions are referred to as standard laboratory conditions (SLC).

1.3.6 Exothermic and endothermic reactions
Chemical reactions accompanied by heat energy changes can be divided into two groups: exothermic
reactions and endothermic reactions.

FIGURE 1.23 In endothermic reactions, the surroundings lose energy and get
cooler. In exothermic reactions the surroundings gain energy and get warmer.

Enthalpy change, ∆H, is equal to heat energy produced or absorbed. When bonds are broken in reactants,
energy is consumed and is therefore endothermic. When bonds are formed in the products, energy is given
out and is therefore exothermic. If the energy given out when product bonds are formed is greater than the
energy taken in when reactant bonds are broken, the reaction is exothermic. This would result in a negative
value.

Exothermic reactions
Chemical reactions that release heat to the environment are called exothermic reactions. Consider the
reaction between magnesium and hydrochloric acid shown in figure 1.24.

The following data was taken from an enthalpy databook for the reaction between magnesium and
hydrochloric acid.

change in enthalpy = (enthalpy of products)− (enthalpy of reactants)
change in enthalpy = (−797 kJ)− (+334 kJ)

∆H = −463 kJmol−1

The energy change in a reaction can be drawn as an energy diagram or energy profile. Chemicals with
more energy are drawn higher up and those with less energy, lower down. The reactants are drawn on the
left and the products are drawn on the right. Figure 1.25 is an energy diagram for an exothermic reaction.

In exothermic reactions, the ∆H is always negative because the heat content of the reactants is greater
than that of the products. The bonds in the products are more stable than the bonds in the reactants.
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FIGURE 1.24 An exothermic reaction — magnesium ribbon dissolving in hydrochloric acid
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FIGURE 1.25 Exothermic reaction energy diagram
demonstrating the negative ∆H
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Endothermic reactions
Chemical reactions that absorb heat from the environment are called endothermic reactions.

FIGURE 1.26 An endothermic reaction — ammonium nitrate dissolving
in water.

heat energy

taken in; feels

cold

ammonium

nitrate
ammonium
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solution

water

FIGURE 1.27 Instant
cold packs contain
solid ammonium nitrate
and water.

When ammonium nitrate is dissolved in water, heat is absorbed from the environment. If you were
holding the test tube in figure 1.26 it would feel cold because the reaction takes in energy from the water
and your hand. This means that the enthalpy of the products is greater than the enthalpy of the reactants.
Therefore, the enthalpy change is positive. The difference in energy between the reactants and the products
is absorbed from the environment.
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The following data was taken from an enthalpy databook for the reaction between ammonium nitrate and
water.

change in enthalpy = (enthalpy of products)− (enthalpy of reactants)

change in enthalpy =
(
−231 kJmol−1)− (

+256 kJmol−1)
∆H = +25 kJmol−1

Figure 1.28 is an energy diagram for an endothermic reaction. In endothermic reactions, ∆H is always
positive because the heat content of the reactants is less than that of the products. The bonds in the products
are less stable than the bonds in the reactants.

FIGURE 1.28 Endothermic reaction energy diagram
demonstrating the positive ∆H

ΔH = energy change = heat of reaction
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1.3.7 Units of energy
FIGURE 1.29 How to convert
between different units of
energy

÷103

÷106

×106

×103 ×103

×1000×1000

J kJ MJ

÷103

÷1000 ÷1000

The SI unit of energy is the joule. Depending upon the energy of
the system, the kilojoule, kJ, and megajoule, MJ, can also be used.
How to convert between these units is shown in figure 1.29.

To convert between different units of energy:

1 000 000 J = 1000 kJ = 1MJ

1 × 106 J = 1 × 103 kJ = 1MJ

OR
1 J = 1 × 10−3kJ = 1 × 10−6MJ

20 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

1.3 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. State whether the following are exothermic or endothermic processes.
(a) Water changing from liquid to gaseous state
(b) A reaction in which the total enthalpy of the products is greater than that of the reactants
(c) Burning kerosene in a blow torch
(d) Burning fuel in a jet aircraft engine
(e) A chemical reaction that has a negative ∆H value
(f) A reaction in which the reactants are at a lower level on an energy profile diagram than the products
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For questions 2 to 4, use efficiency figures from figure 1.20.
2. A device converts 350 J of mechanical energy into 120 J of output energy. Calculate the efficiency of this

device.
3. Calculate the energy input required for a gas heater to produce 72 MJ if the gas heater runs at 85%

efficiency. Give your answer in MJ, kJ and J.
4. Heat energy in steam is used to drive a steam turbine that, in turn, drives an electrical generator. Calculate

the electrical energy produced from steam containing 400 000 kJ. Give your answer in MJ.
5. Calculate the carbon dioxide emissions, in kg MJ−1, from a power station that has an overall efficiency of

33.0% and burns black coal with a carbon content of 81.5%. (Heat evolved from black coal is 34.0 kJ g−1.)

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

1.4 Thermochemical equations

KEY CONCEPT
• The writing of balanced thermochemical equations, including states, for the complete and incomplete
combustion of hydrocarbons, methanol and ethanol, using experimental data and data tables

1.4.1 Writing balanced thermochemical equations
A thermochemical equation is an equation that includes the amount of heat produced or absorbed by a
reaction. As with other chemical equations, charge and mass must balance, but thermochemical equations
must also include the enthalpy change.

In writing a thermochemical equation, the following points should be remembered:
• A positive or negative sign must be included with the ∆H value to indicate whether the reaction is

either endothermic or exothermic. If an enthalpy change is given as ∆H = 345 kJ mol–1, the lack of
sign does not mean that it is an endothermic reaction.

• Enthalpy is measured in kJ mol–1. This means the coefficients in the equation represent the amount of
moles of each reacting substance that the ∆H value refers to.
The following equation can be read as: when 2 moles of hydrogen react with 1 mole of oxygen,

2 moles of water form and 572 kJ of energy is produced.

2H2(g)+ O2(g) → 2H2O(l) ∆H = −572 kJmol−1

∆H refers to the equation as it is written, even though the unit is expressed as kJ mol–1.
• The physical state of matter must be shown because changes of state require energy changes.
• Thermochemical equations can be written from direct experimental data (primary data) or utilising

published tabulated data (secondary data).
Study the following equations. In the first case, the product is a liquid; in the second case, the product is

a gas. So, the condensation of 2 moles of water vapour to 2 moles of liquid water at 25 °C produces 88 kJ of
energy, which is the difference between the two enthalpies.
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2H2(g)+ O2(g) → 2H2O(l) ∆H = −572 kJmol−1

2H2(g)+ O2(g) → 2H2O(g) ∆H = −484 kJmol−1

2H2(g)+ O2(g) → 2H2O(l) ∆H = −572 kJmol−1

4H2(g)+ 2O2(g) → 4H2O(l) ∆H = −1144 kJmol−1

• If a reaction is reversed, ∆H is equal to, but opposite in sign, to that of the forward reaction.

2H2O(l) → 2H2(g)+ O2(g) ∆H = +572 kJmol−1

You will notice that the key point is that the enthalpy change in a reaction is proportional to the amount
of substance that reacts. If these two quantities are measured in an experiment, it is possible to write the
accompanying thermochemical equation.

To correctly write thermochemical equations, Table 11 of the VCE Chemistry Data Book
(Heats of combustion of common fuels) should be used. When assigning ∆H values it is
important to take note of the number of moles of fuel that are combusted. If the number of
moles in the equation is changed, the ∆H value will also change.
For example:

H2(g)+
1
2
O2(g)→H2O(g) 𝚫H = −282 kJmol−1(from2 g ofH2)

If twice as much hydrogen was to react, then twice the energy would be released.

2H2(g)+O2(g)→ 2H2O(g) 𝚫H = −564 kJmol−1(from4 g ofH2)

Regardless of the number of moles reacting the units for ∆H is kJ mol–1.

SAMPLE PROBLEM 2

The molar heat of combustion of ethanol is tabulated as –1360 kJ mol–1.
a. Write the thermochemical equation for the combustion of ethanol.
b. If the density of ethanol is 0.790 g mL–1, calculate the energy evolved in MJ when 1.00 L of

ethanol is burned.
Video eLesson: Sample problem 2 (eles-3385)

THINK WRITE

a. 1. The formula and state symbol for ethanol
can be found in Table 11 of the VCE
Chemistry Data Book. Both ethanol and
methanol complete combustion equations
should be learned or correctly generated.

CH3CH2OH(l) + 3O2(g)→ 2CO2(g) + 3H2O(g)
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• If the coefficients are doubled, the ∆H value must be doubled. The amount of energy produced by a
chemical reaction is directly proportional to the amount of substance initially present. If twice as much
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TIP: The state symbol of water would
expect to be a gas (as combustion
reactions produce enough heat to vaporise
water) but liquid is also acceptable.

2. The given heat value refers to 1 mole.
Therefore the value of –1360 kJ is
equivalent to the 1 mole of ethanol shown
in the balanced equation.

CH3CH2OH(l) + 3O2(g)→ 2CO2(g) + 3H2O(g)

∆H = −1360 kJ mol−1

b. 1. Identify the given and unknown quantities. density of ethanol = 0.790 g mL–1

volume = 1.00 L
mass of ethanol = ?

2. Recall the equation for density:

density = mass

volume
Compare the units given to those required.
TIP: The actual formula for density is not
in the VCE Chemistry Data Book.
However, in Table 4, the density of water
is given with units of mass per volume,
hence the formula can be determined

density = mass

volume

1.00L ethanol = 1.00 × 1000

= 1000mL ethanol

density = mass

volume
m(ethanol) = d(ethanol) × V(ethanol)

= 0.790 × 1000
= 790 g

3. Calculate the number of moles using the
mass determined in (b.2.) and M of ethanol
by applying the formula n = m

M
.

(n) ethanol = 790

46.0
= 17.17mol <

4. From the equation, 1 mole of ethanol
evolves 1360 kJ. By direct proportion,
17.17 mol produces x kJ

x = 17.17 × 1360

1
= 23 356 kJ

5. Convert kJ to MJ and give the answer to 3
significant figures.

23 356

1000
= 23.4MJ

PRACTICE PROBLEM 2
In an experiment, it was found that the combustion of 0.240 g of methanol in excess oxygen yielded
5.42 kJ.
a. Write the thermochemical equation for this reaction.
b. If the density of methanol is 0.792 g mL–1, calculate the energy evolved in MJ when 10.00 L

of methanol is burned.
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SAMPLE PROBLEM 3

The combustion of ethene can be represented by the following thermochemical equation.

C2H4(g)+ 3O2(g)→2CO2(g)+ 2H2O(l) ΔH = −1409 kJmol−1

Calculate the mass of ethene required to produce 500 kJ of heat energy.

Video eLesson: Sample problem 3 (eles-3386)

THINK WRITE

1. From the equation, 1 mole of C2H4 evolves 1409 kJ.
By ratio, x moles are required to evolve 500 kJ.

x = 500 × 1

1409
= 0.3548

2. Use the formula m = n × M, where the molar mass of
ethene = 28.0 g mol–1.

m(C2H4) = n ×M
= 0.3548 × 28.0

3. Give the answer to 3 significant figures. m(C2H4) = 9.94 g

PRACTICE PROBLEM 3
The air pollutant sulfur trioxide reacts with water in the atmosphere to produce sulfuric acid
according to the equation: SO3(g) +H2O(l)→H2SO4(aq) 𝚫H = −129.6 kJmol−1

Calculate the energy released, in kJ, when 0.500 kg SO3(g) reacts with water.
TIP: Don’t forget to indicate whether the enthalpy of the reaction is exothermic (−) or
endothermic (+).

1.4.2 Combustion of hydrocarbons, methanol and ethanol
Water is always formed in any type of combustion reaction. When oxygen is in excess, complete
combustion can occur where all the fuel is fully oxidised to carbon dioxide and water. When the supply of
oxygen is limited, incomplete combustion will occur where not all the fuel is fully oxidised. The products
of incomplete combustion vary and may contain a combination of carbon, carbon monoxide and even
amounts of carbon dioxide with very large hydrocarbons.

TABLE 1.2 Complete combustion of hydrocarbons methane and butane

Equation type Reactants → Products

Word equation Methane gas Oxygen gas → Carbon
dioxide gas

+ Water vapour

Symbol equation O2(g) → CO2(g) + H2O(l)

Balanced equation CH4(g) + 2O2(g) → CO2(g) + 2H2O(l)

Thermochemical
equation

CH4(g) + 2O2(g) → CO2(g) + 2H2O(l)
∆H = –890 kJ mol–1

Word equation Butane gas + Oxygen gas → Carbon
dioxide gas

+ Water vapour

Symbol equation C4H10(g) + O2(g) → CO2(g) + H2O(l)

Balanced equation 2C4H10(g) + 13O2(g) → 8CO2(g) + 10H2O(l)

Thermochemical
equation

2C4H10(g) + 13O2(g) → 8CO2(g) + 10H2O(l)
∆H = −5760 kJ mol–1
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TABLE 1.3 Incomplete combustion of hydrocarbons methane and butane

Equation type Reactants → Products

Word equation Methane
gas

+ Oxygen
gas

→ Carbon
monoxide gas

+ Water vapour

Symbol equation CH4(g) + O2(g) → CO(g) + H2O(l)

Balanced equation 2CH4(g) + 3O2(g) → 2CO(g) + 4H2O(l)

Thermochemical
equation

2CH4(g) + 3O2(g) → 2CO(g) + 4H2O(l)

∆H = < −1780 kJ mol–1

Word equation Butane gas + Oxygen gas → Carbon
monoxide gas

+ Water vapour

Symbol equation *C4H10(g) + O2(g) → CO(g) + H2O(l)

Balanced equation 2C4H10(g) + 9O2(g) → 8CO(g) + 10H2O(l)

Thermochemical
equation

2C4H10(g) + 9O2(g) → 8CO(g) + 20H2O(g)
∆H = < −5760 kJ mol–1

Word equation Butane gas + Oxygen gas → Carbon
dioxide gas

+ Water vapour + Carbon solid

Symbol equation *C4H10(g) + O2(g) → CO2(g) + H2O(l) + C(s)

Balanced equation C4H10(g) + 5O2(g) → 2CO2(g) + 5H2O(l) + C(s)

Thermochemical
equation

C4H10(g) + 5O2(g) → 2CO2(g) + 5H2O(l) + C(s)

*many different combinations of products can occur.

TABLE 1.4 Complete combustion of methanol and ethanol

Equation type Reactants → Products

Word equation Methanol
liquid

+ Oxygen gas → Carbon
dioxide gas

+ Water vapour

Symbol equation CH3OH(l) + O2(g) → CO2(g) + H2O(l)

Balanced equation 2CH3OH(l) + 3O2(g) → 2CO2(g) + 4H2O(l)

Thermochemical
equation

2CH3OH(l) + 3O2(g) → 2CO2(g) + 4H2O(l)
∆H = −1452 kJ mol–1

Word equation Ethanol liquid + Oxygen gas → Carbon
dioxide gas

+ Water vapour

Symbol equation C2H5OH(l) + O2(g) → CO2(g) + H2O(l)

Balanced equation C2H5OH(l) + 3O2(g) → 2CO2(g) + 3H2O(l)

Thermochemical
equation

C2H5OH(l) + 3O2(g) → 2CO2(g) + 3H2O(l)
∆H = −1360 kJ mol–1
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TABLE 1.5 Incomplete combustion of methanol and ethanol

Equation type Reactants → Products

Word equation Methanol liquid + Oxygen gas → Carbon
monoxide gas

+ Water vapour

Symbol equation CH3OH(l) + O2(g) → CO(g) + H2O(l)

Balanced equation CH3OH(l) + O2(g) → CO(g) + 2H2O(l)

Thermochemical
equation

CH3OH(l) + O2(g) → CO(g) + 2H2O(l)
∆H= < −726 kJ mol–1

Word equation Ethanol liquid + Oxygen gas → Carbon
monoxide gas

+ Water vapour

Symbol equation C2H5OH(l) + O2(g) → CO + H2O(l)

Balanced equation C2H5OH(l) + 2O2(g) → 2CO + 3H2O(l)

Thermochemical
equation

C2H5OH(l) + 2O2(g) → 2CO + 3H2O(l)
∆H= < –1360 kJ mol–1

Word equation Ethanol liquid + Oxygen gas → Carbon solid + Water vapour

Symbol equation C2H5OH(l) + O2(g) → C(s) + H2O(l)

Balanced equation C2H5OH(l) + O2(g) → 2C(s) + 3H2O(l)

Thermochemical
equation

C2H5OH(l) + O2(g) → 2C(s) + 3H2O(l)
∆H= < −1360 kJ mol–1

SAMPLE PROBLEM 4

Write the thermochemical equation showing the complete combustion of ethane gas.

Video eLesson: Sample problem 4 (eles-3387)

THINK WRITE

1. Find the formula and molar heat of
combustion of ethane using the VCE
Chemistry Data Book (Table 11).

C2H6

1560 kJ mol–1

2. Write out the formula and balance the
equation.

2C2H6(g) + 7O2(g)→ 4CO2(g) + 6H2O(g)

3. Add the value, taking care with multiples
of molar heat of combustion and the
corresponding units.

2C2H6(g) + 7O2(g)→ 4CO2(g) + 6H2O(g)

∆H = –3120 kJ mol–1

PRACTICE PROBLEM 4
Write the balanced equation showing the incomplete combustion of ethane gas.

Interactivity Combustion equations (int-1370)
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TIPS:
• Remember to use the correct state symbol when referring to alcohols, they are often incorrectly
assumed to be aqueous (aq) instead of pure liquid (l).

• When balancing equations with alcohols do not forget to count the oxygen in the alcohol. This is a
common mistake that leads to an unbalanced equation.
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1.4.3 Calculating ∆H values from two or more related reactions
If the enthalpy change of a desired reaction is not known, it is possible to calculate it from a series of related
reactions. The calculated value may then be used to make thermochemical predictions.

The following sample problem demonstrates how to find the enthalpy change.

SAMPLE PROBLEM 5

Calculate the enthalpy change for the incomplete combustion of methane in a limited oxygen
supply, given the following two equations.

CH4(g)+ 2O2(g)→CO2(g)+ 2H2O(g) ΔH= −889 kJ mol−1 [1]
2CO(g)+O2(g) → 2CO2(g) ΔH= −556 kJ mol−1 [2]

Video eLesson: Sample problem 5 (eles-3388)

THINK WRITE

1. The required equation for the
incomplete combustion of methane
needs to be written and labelled.

2CH4(g) + 3O2(g)→ 2CO2(g) + 4H2O(g) [3]

2. Equations [1] and [2] need to be
manipulated so that, when added
together, equation [3] is produced. This
can be achieved by multiplying equation
[1] by 2 and reversing equation [2].

2CH4(g) + 4O2(g) → 2CO2 (g) + 4H2O(g) [4]
ΔH = −1778 kJmol−1

2CO2(g) → 2CO(g) + O2 (g) [5]
ΔH = +556 kJmol−1

3. Adding the new equations [4] and [5]
results in cancelling to produce the
required equation [3].
The CO2 cancel out and the O2

changes to 3 moles.

Similarly, the ΔH values of [4]
and [5] are also added.

[4] + [5]
2CH4(g) + 4O2(g) → �����2CO2 (g) + 4H2O(g)

ΔH = −1778 kJmol−1

�����2CO2(g) → 2CO(g) + O2(g)
ΔH = +556 kJmol−1

2CH4(g) + 3O2(g)→ 2CO(g) + 4H2O(g) [3]

ΔH = –1778 + 556 = –1222 kJ mol–1

Alternatively: The enthalpy for 1 mole
can be calculated by using the equation
given.

If the following equation was used

CH4(g) +
3

2
O2(g) → CO2(g) + 2H2O(g)

ΔH = –611 kJ mol–1

PRACTICE PROBLEM 5
Fossil fuels such as coal and petroleum contain sulfur as an impurity. This produces sulfur oxides
when they are burned. These are atmospheric pollutants.
Develop the thermochemical equation for the reaction

S(s) +O2(g)→ SO2(g)

given the following equations.

2SO2(g) +O2(g) → 2SO3(g) 𝚫H = −196 kJmol−1 [1]
2S(s) + 3O2(g) → 2SO3(g) 𝚫H = −760 kJmol−1 [2]
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1.4 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. The combustion of 3.15 g of methanol was found to yield 71.5 kJ of heat. Calculate the ∆H value for this
reaction and write the thermochemical equation.

2. Calculate the energy released, in kJ, when 3.56 g of carbon undergoes combustion according to the
thermochemical equation:

2C s +O2 g → 2CO
(
g
)

∆H = −788 kJmol−1

3. The use of hydrogen as a renewable and environmentally friendly fuel is currently the subject of much
research. The main product of hydrogen combustion is water. The production of liquid water from the
reaction between gaseous hydrogen and gaseous oxygen can be represented by the following
thermochemical equation.

O2

(
g
)
+ 2H2

(
g
)
→ 2H2O l ∆H = −564 kJmol−1

Calculate how much energy, in kJ, would be released or absorbed by the following reactions.
(a) 2O2

(
g
)
+ 4H2

(
g
)
→ 4H2O l

(b) H2O l → 1
2
O2 g + H2 g

4. During the production of sulfuric acid by the Contact process, sulfur dioxide is converted to sulfur trioxide
according to the equation:

2SO2

(
g
)
+O2 g → 2SO3

(
g
)

∆H = −197 kJmol−1

Calculate the heat energy released in the production of 1.00 tonne (106 g) of sulfur trioxide gas.
5. Calculate the energy released when 18.5 g of carbon undergoes combustion in a plentiful supply of air

according to the equation:

C s +O2 g → CO2 g ∆H = −394 kJmol−1

6. Methanol burns according to the equation:

2CH3OH l + 3O2

(
g
)
→ 2CO2

(
g
)
+ 4H2O l ∆H = −1452 kJmol−1

Calculate the mass of methanol required to produce 1.000 MJ of energy.
7. Butane and octane are two hydrocarbons commonly used as fuels. The thermochemical equations for these

two fuels are:

2C4H10

(
g
)
+ 13O2

(
g
)
→ 8CO2

(
g
)
+ 10H2O l ∆H = −5760 kJmol−1

2C8H18

(
g
)
+ 25O2

(
g
)
→ 16CO2

(
g
)
+ 18H2O l ∆H = −10920 kJmol−1

(a) Calculate the heat evolved by the combustion of 100 g of butane.
(b) Use your answer to (a) to calculate the mass of octane required to produce the same amount of energy.

Explain why it is critical to show symbols of state in thermochemical equations.
8. Calculate the ∆H value for the incomplete combustion of pentane, according to the equation:

2C5H12 l + 11O2

(
g
)
→ 10CO

(
g
)
+ 12H2O l

given the following equations.

2CO
(
g
)
+O2 g → 2CO2

(
g
)

∆H = −556 kJmol−1

C5H12 l + 8O2

(
g
)
→ 5CO2

(
g
)
+ 6H2O l ∆H = −3509 kJmol−1

9. Calculate ∆H for the reaction:

CH3CH2OH l + 3O2

(
g
)
→ 2CO2

(
g
)
+ 3H2O

(
g
)

given the following equations.

CH3CH2OH 1 + 3O2 g → 2CO2 g + 3H2O 1 ∆H = −1360 kJmol−1

H2O 1 → H2O g ∆H = +44.0 kJmol−1
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

1.5 Gaseous fuels and the universal gas equation

KEY CONCEPT
• The definition of gas pressure including units, the universal gas equation and standard laboratory
conditions (SLC) at 25 °C and 100 kPa

1.5.1 Working with gases
When considering fuels as energy sources, it is often necessary to deal with gases. The products of
combustion are nearly always gases, and some of the fuels themselves are gases. While it is possible to
measure their masses, it is often more convenient and meaningful to measure their volumes.

Gases have properties and exhibit behaviours that are different from liquids and solids. Scientists use the
kinetic molecular theory of gases to explain observed gas properties. The theory consists of five postulates
(or points) that form a mental picture of how the particles in a gas would look and behave if we could
observe them directly. These are applicable to gas samples under ‘moderate conditions’, which is usually
taken to mean pressures that are not much greater than atmospheric pressure and temperatures considerably
greater than those at which the gases liquefy.

FIGURE 1.30 The air in a hot air balloon is heated using a propane burner. The molecules
move more rapidly, hitting each other in a random chaotic motion. As they move further
apart, the density of the air decreases and the balloon rises.
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Kinetic molecular theory of gases
The five postulates that make up the kinetic molecular theory of gases can be summarised as follows.
1. Gases are made up of particles moving constantly and at random.
2. Gas particles are very far apart, and the volume of the particles is very small compared with the

volume that the gas occupies.
3. The forces of attraction and repulsion between gas particles are practically zero.
4. Gas particles collide with each other and the walls of their container, exerting pressure. The collisions

are perfectly elastic. This means that no kinetic energy is lost when they collide.
5. The higher the temperature, the faster the gas particles move, because they have increased kinetic

energy.

1.5.2 Gas behaviour
In any consideration of gas behaviour, the pressure each gas exerts, the volume that it occupies, its
temperature and the number of gas molecules present in the sample must be determined.

Gas pressure
Gas pressure is the force exerted by particles colliding with the walls of a container. Each tiny collision adds
to all the others to make up the continuous force that we call pressure.

The surface of an inflatable airbed, such as the one in figure 1.31, exerts a force and tries to collapse.
For the airbed to stay inflated, the particles inside the airbed must be able to exert a large enough force to
balance the forces exerted by the surface of the airbed and the external air pressure.

FIGURE 1.31 The particles inside the airbed create pressure.

Pressure (p) is defined as the force exerted per unit area.

p = force
area

The SI unit of pressure is the pascal (Pa), where 1 pascal is equivalent to a force of 1 newton
exerted over an area of 1 square metre (Nm−2).
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FIGURE 1.32 If a tennis racquet is struck by a tennis ball, a small force is felt. If a stream of
balls is fired at the racquet, it is felt as a continuous pressure.

Atmospheric pressure
Atmospheric pressure is the pressure exerted by the weight of the atmosphere. This is measured by a
barometer. Atmospheric pressure at sea level is 101 325 Pa, which is usually simplified to read 101.3 kPa
(kilopascal).

Two older units of pressure are millimetres of mercury and atmospheres. One millimetre of mercury
(1 mmHg) is defined as the pressure needed to support a column of mercury 1 mm high. This unit
developed from the early use of mercury barometers. 0.987 atmospheres (0.987 atm) is the pressure
required to support 750 mm of mercury (750 mmHg) in a mercury barometer at 25 °C.

Therefore:

750mmHg = 0.987 atm = 1.013 × 105 Pa = 101.3 kPa

Bars and hectopascals (hPa) are used to measure gas pressure in the weather.

1 bar = 100 000 Pa = 100 kPa

1millibar (mb) = 1

1000
bar = 100 Pa = 1 hPa
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Temperature

FIGURE 1.33 These
thermometers show
a comparison of the
Celsius and kelvin
temperature scales.

100°C

0 °C

100

divisions

373 K

273 K

100

divisions

Temperature is the amount of heat present in a substance. The Celsius scale takes
the freezing point of water as 0 °C and the boiling point of water as 100 °C. The
space between these two fixed points is divided into 100 equal intervals, known
as degrees. Temperatures below the freezing point of water are assigned negative
values, such as −10 °C.

Another temperature scale is the kelvin, or absolute, scale. On the kelvin
scale, the freezing point of water is 273 K and its boiling point is 373 K. Notice
that a change of 1 ° on the Celsius scale is the same as that on the kelvin scale.
The zero point on the kelvin scale, 0 K or absolute zero, is −273 °C. The
relationship between the temperature on the Celsius scale and that on the Kelvin
scale is given by the following equations.

Conversion between Celsius and kelvin

K = ∘C+ 273
∘C = K− 273

For example, to convert 25 °C to the absolute scale:

K = 25+ 273
= 298

Note that temperatures given in K do not have a ° sign.

Volume
Volume is the amount of space a substance occupies. The volume of a gas is commonly measured in cubic
metres (m3), litres (L) or millilitres (mL). The conversion between these is shown below.

1m3 = 1000L = 1 000 000mL

1m3 = 103 L = 106 mL

1.5.3 Laws to describe the behaviour of gases
The behaviour of gases has been studied for centuries. As a result, a number of laws have evolved to
describe their behaviour mathematically. These laws are independent of the type of gas — it does not matter
what the gas is or if the gas is a mixture such as air, these laws apply in exactly the same way to all gases.
Two very useful such laws are Boyle’s law and Charles’ law.

Boyle’s law for pressure–volume changes
Boyle’s law is named after the English physicist and chemist who discovered the relationship between
pressure and volume for a sample of gas. It states that, for a fixed amount of gas at constant temperature,
pressure is inversely proportional to volume. Mathematically, this can be represented as:

p ∝ 1

V

where ∝ means ‘is proportional to’. From this relationship it can be stated that pV = a constant value.
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If p1V1 = a constant value and p2V2 = a constant value, then:

p1V1 = p2V2

Charles’ law for temperature–volume changes

TABLE 1.6 Sample results showing the
relationship between the temperature and volume
of a gas

Temperature (°C) Volume (L)

–50 0.75

0 0.92

40 1.05

70 1.15

120 1.32

180 1.52

The relationship between temperature and volume
was first identified by the French scientist Jacques
Charles, after whom the law is named. While the
expansion of all materials with increasing temperature
is well known, Charles subjected constant amounts
of various gases (at constant pressure) to changes in
temperature, each time making accurate measurements
of the resulting volume.

To understand this law better, consider a typical set
of results as shown in table 1.6.

If these results are graphed a pattern emerges, as
shown in figure 1.34.

If the Celsius scale is used to measure temperature,
a linear relationship is observed. However, this is not a
directly proportional relationship as the graph does not
pass through the origin. If the kelvin scale is used, it does.
We can therefore state Charles’ law as follows.

FIGURE 1.34 Representation of Charles’ law
showing the two temperature scales, kelvin
and degrees Celsius.

200

Temperature (°C and K)

0

1

2

Volume (L)

−173−273 −73 27 127 227 °C

100 300 400 500 K

For a given amount of gas at constant pressure, volume
is directly proportional to the absolute temperature.

Mathematically, this can be represented as, V ∝ T,
(where T is the absolute temperature), from which it can

be stated that
V

T
= a constant value.

If
V1

T1

= a constant value and
V2

T2

= a constant value,

then:

V1

T1

= V2

T2

You will notice that figure 1.34 implies a ‘lowest
possible temperature’ — the temperature at which it
intersects the x-axis. This temperature is −273.15 °C or 0 K — absolute zero.

Digital document Experiment 1.1 The relationship between pressure and volume (doc-31252)

Teacher-led video Experiment 1.2 The relationship between pressure and volume (eles-3227)

1.5.4 Standard laboratory conditions (SLC)
Boyle’s law and Charles’ law tell us that the volume of a gas sample is sensitive to both temperature and
pressure. This makes the comparison of gas volumes tricky. In order to make these comparisons easier,
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scientists have established sets of standard conditions. These are accepted worldwide and enable gas
volumes to be compared meaningfully without temperature or pressure having unwanted effects.
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Most experiments are carried out in the laboratory, so the standard laboratory conditions are a
temperature of 25 °C (298 K) and a pressure of 100 kPa.

1.5.5 Molar gas volume and Avogadro’s hypothesis
Amedeo Avogadro was an Italian scientist who put forward the hypothesis that ‘equal volumes of all gases
measured at the same temperature and pressure contain the same number of particles’. This means that, if
two gases have the same temperature, pressure and volume, they must contain the same number of moles.

It has been found that 1 mole of any gas at SLC occupies a volume of 24.8 L. This volume is called the
molar gas volume and means that 1 mole of any gas occupies 24.8 L at 25 °C and 100.0 kPa.

FIGURE 1.35 Under the same conditions of temperature and pressure, the volume of a gas depends only on the
number of molecules it contains, and not on what the particles are.

V = 24.8 L

T = 298 K

p = 100.0 kPa

6.02 × 1023 molecules = 1 mol N2

Nitrogen

V = 24.8 L

T = 298 K

p = 100.0 kPa

6.02 × 1023 molecules = 1 mol 

Oxygen

FIGURE 1.36 A mole of
hydrogen gas would occupy
the same volume as a mole
of oxygen molecules, but
because hydrogen weighs less
than oxygen, it floats upwards
in the air.

The molar volume of a gas varies with temperature and pressure but,
at any given temperature and pressure, it is the same for all gases. There
is a direct relationship between the number of moles of a gas (n), its
molar volume (Vm) and in the actual volume (V); where V is measured
in litres.

At a given temperature and pressure, the
relationship between the number of moles of a
gas and its molar volume:

n = V
Vm

At SLC, Vm = 24.8 L mol .
The number of moles of gas at SLC:

nSLC =
V

24.8
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SAMPLE PROBLEM 6

Find the mass of 1556.5 mL of H2 gas that was collected at SLC.

Video eLesson: Sample problem 6 (eles-3213)

THINK WRITE

1. Identify the given and unknown quantities and
compare the units given to those required. Convert
the volume to litres.

V = 1556.5mL

1000
= 1.5565 L

m = ?

2. Determine the number of moles of H2 gas using

the formula, n = V

Vm

.

n = V

24.8

= 1.5565
24.8

= 0.0628mol

3. Determine the mass (m) of 0.0628 moles of H2 gas
using the formula, n = m

M
.

TIP:The formulas n = V
Vm

and n = m
M

can be

found in table 3 of the VCE Chemistry Data Book.

n (H2) =
m

M

0.0628 = m

2.0

4. Give your answer to 2 significant figures. The mass of H2 gas collected was 0.13g.

PRACTICE PROBLEM 6
a. 5345 mL of a gas was collected at SLC and weighed. Its mass was 9.50 g. Find the molar

mass of the gas.
b. Given that the gas is one of the main constituents of air, identify the gas.

Pdf_Folio:35

TOPIC 1 Obtaining energy from fuels 35

1.5.6 The universal gas equation
The universal gas equation is used to describe the behaviour of a hypothetical, ideal gas, to help predict
the behaviour of a real gas. It is obtained by combining Boyle’s law and Charles’ law with Avogadro’s
hypothesis.

Universal gas equation
pV = nRT

where R is the molar gas constant.

The molar gas constant, R, has a value of 8.31 J K–1 mol–1 when
• pressure (p) is measured in kilopascals (kPa)
• volume (V) is measured in litres (L)
• temperature (T) is measured in degrees kelvin (K)
• the quantity of gas is measured in moles (n).
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SAMPLE PROBLEM 7

Find the volume of 6.30 mol of carbon dioxide gas at 23.0 °C and 550 kPa pressure.

Video eLesson: Sample problem 7 (eles-3389)

THINK WRITE

1. Use the molar gas constant (R) taken from Table 4
in the VCE Chemistry Data Book.

R = 8.31 J K–1 mol–1

2. Identify the given and unknown quantities and
compare the units given to those required. No unit
conversion is required.
TIP: The majority of incorrect calculations when
using the universal gas equation arise from not
converting other units (e.g. Pa, mL, mass or °C) in
the question into the correct units of kPa, L, n
and K.

p = 550 kPa
n = 6.30mol
T = 23.0 + 273 = 296K

R = 8.31 J K−1mol−1

V = ?L

3. Rearrange the universal gas equation to find
volume, V.
The universal gas equation can be found in Table 3
of the VCE Chemistry Data Book.

pV = nRT

V = nRT

p

= 6.30 × 8.31 × 296

550

4. Give your answer to 3 significant figures. 28.2 L

PRACTICE PROBLEM 7
Calculate the volume of gas, in litres, occupied by 12.8 mol of CH4 at 9.87 atm and 60 °C.

1.5 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Make the following conversions.
(a) 780 mmHg to atm (b) 4.0 atm to Pa (c) 1000 mmHg to Pa (d) 1250 mmHg to kPa
(e) 200 °C to K (f) 500 K to °C (g) 3.0 m3 to L (h) 250 L to mL

(i) 1600 mL to L (j) 3 × 106 mL to L (k) 5 × 103 mL to m3 (l) 600 mL to m3

2. Consider table 1.7.

(a) Convert each pressure measurement (p) into its reciprocal

(
1

p

)
.

(b) Plot a graph of pressure versus volume. Put pressure on the horizontal (x) axis and volume on the
vertical (y) axis.

(c) Plot a second graph with the volume on the vertical axis and
1

p
on the horizontal axis, and extrapolate

the graph to the origin.
(d) Compare and account for the two graphs.
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TABLE 1.7 Sample results showing
the relationship between the
pressure and volume of a gas

Pressure (kPa) Volume (L)

120 0.261

145 0.218

162 0.193

180 0.171

200 0.159

216 0.145

240 0.130

258 0.120

3. Calculate the numbers of moles of the following gases at SLC.
(a) 15 L of oxygen, O2

(b) 25 L of chlorine, Cl2
4. Calculate the volumes of the following gases at SLC.

(a) 1.3 mol hydrogen, H2

(b) 3.6 g of methane, CH4

(c) 0.35 g of argon, Ar
5. Calculate the masses of the following gas samples at SLC.

(a) 16.5 L of neon, Ne
(b) 1050 mL of sulfur dioxide, SO2

6. What is the mass (in kg) of 850 L of carbon monoxide gas measured at SLC?
7. A 0.953 L quantity of a gas measured at SLC has a mass of 3.20 g. What is the molar mass of the gas?

What is the gas?
8. Calculate the volume of gas, in litres, occupied by the following.

(a) 3.5 mol of O2 at 100 kPa and 50 °C
(b) 6.5 g of Ar at 50 kPa and 100 °C
(c) 0.56 g of CO2 at 50 atm and 20 °C
(d) 1.3 10−3 g He at 60 kPa and −50 °C
(e) 1.5 × 1021 molecules of Ne at 40 kPa and 200 °C

9. (a) Calculate the volume occupied by 42.0 g of nitrogen gas at a pressure of 200 kPa and a temperature of
77 °C.

(b) A 5.00 L balloon contains 0.200 mol of air at 120 kPa pressure. What is the temperature of air in the
balloon?

10. (a) If 55 mol of H2 gas is placed in a 10 L flask at 7 °C, what would be the pressure in the flask?
(b) Calculate the energy released when 200 mL of diborane, B2H6, is burned at 150 °C and 1.50 atm

according to the following equation.

B2H6

(
g
)
+ 3O2

(
g
)
→ B2O3 s + 3H2O

(
g
)
∆H = −2035 kJmol−1

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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1.6 Calculations related to the combustion of fuels

KEY CONCEPT
• Calculations related to the combustion of fuels including use of mass-mass, mass-volume and
volume-volume stoichiometry in calculations of enthalpy change (excluding solution stoichiometry) to
determine heat energy released, reactant and product amounts and net volume of greenhouse gases at a
given temperature and pressure (or net mass) released per MJ of energy obtained

1.6.1 Mass–volume calculations
Many chemical reactions involve gases. For example, barbecues, furnaces and engines burn fuel and
produce carbon dioxide and water vapour. In order to ensure that the reactions are efficient and as complete
as possible, it is essential to calculate the volumes or masses of the gases or fuels required.

SAMPLE PROBLEM 8

In a gas barbecue, propane is burned in oxygen to form carbon dioxide and water vapour. If
22.0 g of CO2 is collected and weighed, find the volume of propane at 200 °C and 1.00 × 105 Pa.
The balanced equation for this reaction is C3H8(g)+ 5O2(g)→ 3CO2(g)+ 4H2O(g).

Video eLesson: Sample problem 8 (eles-3390)

THINK WRITE

1. Identify the given and unknown quantities
and compare the units given to those
required. Convert the temperature units to
Kelvin.

p = 1.00 × 105 Pa
m (CO2) = 22.0 g

T = 200 °C + 273 = 473K
V = ?L

2. Calculate the number of moles of the
known quantity of substance using the
following formula, found in Table 3 of the
VCE Chemistry Data Book.
n = m

M

n = m

M
,

M of CO2 = 12.0 + (2 × 16.0) = 44.0 g mol–1.

n (CO2) =
22.0
44.0

= 0.500mol

3. Use the combustion equation given
to find the molar ratio of unknown to
known quantities, and calculate the
number of moles of the required
substance.
From the given reaction, we know that
moles of CO2 are produced from 1 mole

of C3H8.

n (C3H8) =
n (CO2)

3

= 0.500
3

= 0.1666

4. Rearrange the universal gas equation,
pV = nRT, to determine the volume of the
propane.

V (C3H8) =
nRT

p

= 0.1666 × 8.31 × 473

100
× 100

5. Give your answer to 3 significant figures. 6.55 L
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PRACTICE PROBLEM 8
Using the following equation, calculate the mass of hexane that is required to produce 100 L of
carbon dioxide gas at SLC.

2C6H14(l) + 19O2(g)→12CO2(g) + 14H2O(g)

1.6.2 Volume–volume calculations
Consider the reaction between nitrogen and hydrogen gas.

N2(g)+ 3H2(g) → 2NH3(g)

This equation says that when 1 mole of N2 reacts with 3 moles of H2 it will produce 2 moles of ammonia.
According to Avogadro’s hypothesis, if the gases are at the same pressure and temperature, their molar

ratios are equal to their volume ratios. Therefore, we use volumes instead of moles and can say that 10 mL
of N2 reacts with 30 mL of H2 to form 20 mL of ammonia.

N2(g)+ 3H2(g) → 2NH3(g)

1mol 3mol → 2mol

1 vol 3 vol → 2 vol

10mL 30mL → 20mL

V(unknown)

V(known)
= coefficient of unknown

coefficient of known

SAMPLE PROBLEM 9

If 100 m3 of ethene is burned according to

C2H4(g)+ 3O2(g)→2CO2(g)+ 2H2O(g)

calculate the volume of:
a. carbon dioxide produced
b. oxygen consumed.
(Assume all gas volumes are measured at the same temperature and pressure.)

Video eLesson: Sample problem 9 (eles-3391)

THINK WRITE

1. Because all gas volumes are measured at the
same temperature and pressure, the equation
may be interpreted in terms of volume ratios.

a. V(CO2) = 2 V(C2H4)
Therefore, V(CO2) = 2 × 100 = 200 m3.

b. V(O2) = 3V(C2H4)
Therefore, V(O2) = 3 × 100 = 300 m3.
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PRACTICE PROBLEM 9
Methane gas burns in air at room temperature and pressure, according to the equation:

CH4(g) + 2O2(g)→CO2(g) + 2H2O(g)

If 25 mL of methane is burned at room temperature and pressure, find the volumes of the following
reactants and products:
a. oxygen
b. carbon dioxide
c. water

1.6.3 Applying volume stoichiometry to thermochemistry
Just as the principles of mass–mass stoichiometry can be extended to include gas volumes, the
thermochemical calculations introduced earlier in this topic can also be extended to include gas volumes.
This is very useful because it is often more convenient to measure a gas’s volume than its mass. If pressure
and temperature are also measured, the universal gas equation provides a formula to change between
volumes and moles.

SAMPLE PROBLEM 10

Calculate the heat energy released when 375 mL of methane at 21.0 °C and 767 mmHg pressure
is burned according to:

CH4(g)+ 2O2(g)CO2(g)+ 2H2O(l) ΔH = −889 kJmol−1

Video eLesson: Sample problem 10 (eles-3392)

THINK WRITE

1. Use the universal gas equation to calculate
the number of moles of methane used.
Identify the given and unknown quantities
and compare the units given to those
required.
Convert the temperature units to Kelvin,

volume to litres and pressure to kPa.
Convert pressure to kPa by dividing the

given mmHg in the question by 750 and
then multiplying by 100.
Remember 750 mmHg = 100 kPa.

T = 21.0 °C + 273
= 294K

V = 375mL
= 0.375L

p = 767mmHg

= 767

750
× 100

= 102.2 kPa

2. To determine the number of mole of
methane, rearrange the universal gas
equation and apply the value of R from
Table 4 in the VCE Chemistry Data Book.

pV = nRT

n(CH4) =
pV

RT

= 102.2 × 0.375
8.31 × 294

× 100

= 1.569 × 10−2 mol
3. Calculate the heat evolved from 1.569 ×

10–2 moles of CH4.
Heat evolved = 889 × 1.569 × 10–2

= 13.9484
4. Give the answer to 3 significant figures. 14.0 kJ
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PRACTICE PROBLEM 10
Calculate the energy required to convert 2.50 L of carbon dioxide, at SLC, to glucose according to
the equation:

6CO2(g) + 6H2O(l)→C6H12O6(aq) + 6O2(g) 𝚫H = +2816 kJ

1.6.4 Mass–mass calculations
Mass–mass calculations were introduced in unit 2. The unknown mass of a substance can be calculated
using a known mass of another substance and their balanced chemical equation.

SAMPLE PROBLEM 11

If it is assumed that petrol is entirely octane, and that it burns according to:

2C8H18(g)+ 25O2(g)→16CO2(g)+ 18H2O(l) ΔH = −10 928 kJmol−1

calculate the:
a. mass of carbon dioxide produced per MJ of energy evolved
b. volume of carbon dioxide produced at 100 kPa and 20.0 °C per MJ of energy evolved.

Video eLesson: Sample problem 11 (eles-3393)

THINK WRITE

a. 1. From the equation given, 10 928 kJ
accompanies the formation of 16 moles
of CO2.
Calculate the number of moles of CO2 for
1 MJ generated.

10928 kJ

1000
= 10.928MJ

n(CO2) =
16

10.928
= 1.4641mol

2. To determine the mass of CO2 generated
apply the formula n = m

M
.

n = m

M
m(CO2) = n × m

= 1.4641 × 44.0
= 64.4 g

b. 1. Rearrange the universal gas equation to find
equal volume. Identify the given and
unknown quantities and compare the units
given to those required.

V = nRT

p
n = 1.4641
T = 273 + 20.0 = 293K
p = 100 kPa

2. Calculate the volume. V (CO2) =
1.4641 × 8.31 293

100
= 35.6483L

3. Give your answer to 3 significant figures. 35.6L of CO2 is produced per megajoule of
energy released, (35.6 L MJ–1), at the stated
conditions of temperature and pressure.
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PRACTICE PROBLEM 11
According to the following reaction, what mass of ethyne is required to produce 50.0 g of water
vapour?

2C2H2(g) + 5O2(g)→4CO2(g) + 2H2O(g)

Interactivity Mole relationships (int-1214)

1.6.5 Fuels and greenhouse gases

FIGURE 1.37 Carbon dioxide is the
most significant greenhouse gas due
to the massive amounts produced by
human activity. However, it is not the
strongest greenhouse gas.

The principles of stoichiometry and thermochemistry can be
combined to quantify the effect that energy production, especially
through the combustion of fossil fuels, has on the environment.
Gases such as carbon dioxide, methane, nitrous oxide and ozone
contribute to the enhanced greenhouse effect. Of these, carbon
dioxide is produced in the greatest amounts due to the use of
fossil fuels as energy sources. The increasing level of these gases
has led to international treaties such as the Kyoto Protocol of
1997 and the Paris Agreement of 2016. These treaties obligate
signatory countries to reduce their greenhouse gas emissions
in an attempt to combat climate change and move towards a
sustainable, low-carbon future.

In order to meet targets for reduction, countries need to
estimate their energy requirements, both current and future, and
compare the energy sources available for the required energy
production. A useful unit in such comparisons is the amount of
greenhouse gas produced (usually carbon dioxide) per megajoule
of energy released. Typical units are g MJ−1 and L MJ−1.

Greenhouse effects of methane gas and water vapour
Methane is produced by a number of natural processes and, in many of these situations, it can easily
enter the atmosphere. Methane is a more potent greenhouse gas than carbon dioxide because it is better at
absorbing heat. However, it can also be used as a fuel. The equation for burning methane is:

CH4 (g)+ 2O2(g)CO2(g)+ 2H2O(g)

Assuming that all volumes are measured at the same temperature and pressure, if methane is captured
and used as a fuel, the calculated net change in greenhouse gas volume that would occur is:

V(CH4) consumed = V(CO2) produced.

Therefore, there is no net change because 1 mole of methane produces 1 mole of carbon dioxide.
It would be incorrect to assume that capturing and burning methane would produce no net environmental

benefit. Because methane is a more potent greenhouse gas than carbon dioxide, there is an environmental
benefit gained from burning it, rather than just letting it escape into the atmosphere. However, if carbon
dioxide could also be captured and prevented from entering the atmosphere, the environmental benefit
would be even greater.
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Carbon dioxide is the most significant greenhouse gas due to the large volumes in which it is produced.
For this reason, other greenhouse gas emissions are often measured in ‘carbon dioxide equivalent’. That is,
all these other gases are converted to the volume of carbon dioxide that would produce the same effect.

1.6 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Oxygen gas can be prepared in the laboratory by the decomposition of potassium nitrate according to the
equation:

2KNO3(s) → 2KNO2(s)+O2(g)

When 14.5 L of O2 is formed at 1.00 atm and 25.0 °C, what mass of KNO2 is also formed?
2. Magnesium reacts with hydrochloric acid according to the equation:

Mg(s)+ 2HCl
(
aq

)
→ MgCl2(aq)+ H2(g)

What mass of magnesium, when reacted with excess hydrochloric acid, would produce 5.0 L of hydrogen
gas, measured at 26.0 °C and 1.2 kPa?

3. At high temperatures, such as those in a car engine during operation, atmospheric nitrogen burns to
produce the pollutant nitrogen dioxide, according to the equation:

N2

(
g
)
+ 2O2

(
g
)
→ 2NO2

(
g
)

(a) If 20 mL of nitrogen is oxidised, calculate the volume of oxygen needed to produce the pollutant.
Assume that temperature and pressure remain constant.

(b) What is the initial volume of reactants in this combustion reaction?
(c) What is the final volume of products in the reaction?
(d) Is there an overall increase or decrease in the volume of gases on completion of the reaction?

4. (a) Calculate the net change in mass of greenhouse gas produced by the combustion of 128 g of methane.
(b) Express your answer as a percentage increase or decrease.
(c) Comment on how the units used (mass or volume) may influence the conclusions drawn from

calculations such as in this question and in sample problem 11.
5. The molar heat of combustion for ethanol is –1364 kJ mol−1. Calculate the mass of carbon dioxide emitted

when ethanol is used to produce 1.00 MJ of heat.
6. (a) Methanol is also a fuel. Its molar heat of combustion is –725 kJ mol−1. What mass of carbon dioxide

would be produced using methanol to generate 1.00 MJ of heat?
(b) What volume of carbon dioxide would be produced at SLC?
(c) Comment on your answers to questions 5 and 6a in relation to the masses of CO2 produced.

7. A coal-fired power station using brown coal as its fuel operates at 37.0% overall energy efficiency. The
brown coal has a heat value of 16.0 kJ g−1 and a carbon content of 29.0%. Assuming that all the carbon
present forms carbon dioxide, calculate the carbon dioxide produced per MJ of electrical energy produced
in units of:
(a) g MJ−1

(b) L MJ−1 (at SLC).

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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1.7 Calculating heat energy using the specific heat
capacity of water

KEY CONCEPT
• The use of specific heat capacity of water to determine the approximate amount of heat energy released in
the combustion of a fuel

1.7.1 Specific heat capacity
Specific heat capacity is the amount of heat required to increase the temperature of one gram by 1 °C or 1 K.

Theory and formula
So far, we have made predictions relating to fuel quantities and heat outputs using thermochemical
equations. However, there are two issues that have not yet been addressed.
• How are ∆H values obtained in the first place?
• Thermochemical equations can be used for fuels that are pure substances, but how are heat outputs and

predictions made for fuels that are mixtures, such as petrol, diesel, wood and coal?

FIGURE 1.38 Making pyrex test tubes requires a very hot flame
because glass has a low specific heat capacity of around 0.7 J g–1K–1.

The answer to both these questions is to burn a small amount of fuel and capture the heat evolved in
some way so that it can be measured. The results obtained are then scaled up to a reference amount so that
comparisons can be made. The values obtained are quoted in units that take into account the units used to
measure the energy output and the particular reference amount being used. Common units are kJ mol−1,
kJ g−1 and MJ tonne−1.

For this process to be done accurately, a device called a calorimeter must be used. There are two main
types of calorimeters: solution calorimeters and bomb calorimeters. The features of these and their uses are
discussed in topic 12.

An alternative method is to use the fuel to heat a known mass of water and measure the resultant
temperature increase. This method produces only approximate results, with the degree of accuracy
depending on the steps taken to minimise heat loss to the surroundings.
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Specific heat capacity:

q = mc𝚫T
where:
q is the amount of energy required
m is mass of the substance
c is the specific heat capacity
T is temperature.

The specific heat capacity formula can be used to calculate the heat required to raise a given mass (m)
of a substance of known specific heat (c) by a certain temperature (∆T). The specific heat capacity, c, of a
substance is the amount of energy needed to raise the temperature of 1 g of the substance by 1 °C or 1 K.
This formula is used to calculate the heat added to the water.

1.7.2 Using specific heat capacity in calculations

SAMPLE PROBLEM 12

The heat content of kerosene was determined by using a kerosene burner to heat 250 mL
of water. It was found that burning 0.323 g of kerosene raised the temperature of the water by
11.2 °C.
Given that the specific heat capacity of water is 4.18 J g–1 K–1, calculate the heat energy

released from kerosene in kJ g–1 and MJ tonne–1.

Video eLesson: Sample problem 12 (eles-3394)

THINK WRITE

1. Identify the given and unknown quantities and
compare the units given to those required.

q = ?
m = 250mLofwater
= 250 × 0.997 g
= 249.25 g

c = 4.18 J g–1 K–1

Calculate the heat energy (q) transferred to
the water using the formula, q = mc∆T, which
can be found in Table 3 in the VCE Chemistry
Data Book
Convert J to kJ for easier manipulation.

The specific heat capacity is given in J g–1 K–1.
TIP: 1 mL of water has a mass 0.997 g (see
Table 4 in the VCE Chemistry Data Book).

q = mcΔT
= 249.25 g × 4.18 J gK−1 × 11.2 °C
= 11 669 J
= 11.67 kJ

2. Scale this value up to the chosen reference
amount (in this case, from 0.323 g to 1 g).

Heat evolved = 11.67 × 1

0.323 g
= 36.13 kJ g−1

3. Convert this to MJ tonne–1.
Recall: 1 tonne = 106 g = 1 000 000 g
1000 kJ = 1 MJ

36.13 kJ g–1 = 36.13 kJ
1��000

× 1 000��000

= 36 130MJ tonne−1

4. Give your answer to 3 significant figures. 36 130MJ tonne–1 = 36.1 × 103 MJ tonne−1

Note: This represents a minimum value. Not all of the heat from the kerosene would have gone into the water.
Some of it would have been wasted in heating the surrounding air and the equipment used to hold the water.Pdf_Folio:45
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PRACTICE PROBLEM 12
It takes 78.2 J of energy to raise the temperature of 45.6 g of lead from 19.2 °C to 32.5 °C. Calculate
the specific heat capacity of lead.

Interactivity Simulating a heat of combustion experiment (int-1254)

1.7 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

An experiment to compare the energy output of candle wax, ethanol and butane was performed by setting up the
apparatus shown in figure 1.39. The ethanol was poured into a crucible. A small wax candle stuck onto a watch
glass and a gas cigarette lighter were each used as a ‘burner’ after being lit. Each burner was weighed before
and after it was used to heat 200 g of water. The results are shown in table 1.8. (Assume the formula for candle
wax is C20H42.)

FIGURE 1.39 Apparatus for testing the energy output
of candle wax

TABLE 1.8 Results of combustion of different fuels

Property Ethanol Candle wax Butane

Mass of ‘burner’ before heating (g) 23.77 32.72 43.94

Mass of ‘burner’ after heating (g) 22.54 32.50 43.71

Mass of fuel used (g)

Mass of water (g) 200 200 200

Initial temperature of water (°C) 20.0 20.0 20.0
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Highest temperature of water (°C) 35.0 30.0 29.0

Temperature rise (°C)

Molar mass (g mol−1)

1. Complete table 1.8.
2. Taking the specific heat capacity of water as 4.18 J g−1 °C−1, calculate the energy produced from 1.00 g of

each substance. How do the results compare?
3. Calculate the heat of combustion (enthalpy per mole of substance used) for each substance. How do the

results compare?
4. The molar heat of combustion of ethanol has been found to be –1364 kJ mol−1.

(a) Is the combustion exothermic or endothermic?
(b) What was the percentage accuracy of the experiment in figure 1.39?
(c) List the sources of error in the experiment and describe how some of these errors can be minimised.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

1.8 Review
1.8.1 Summary
Fossil fuels and biofuels
• Fossil fuels include coal, petroleum and natural gas, and are formed from the decaying remains of

plants and small marine creatures.
• Biofuels are carbon-based energy sources primarily formed from plant matter.
• Renewable fuels can be replaced by natural processes at a faster rate than they are consumed. For

example, biofuels, solar, hydro-electric, tidal, geothermal and wave energy.
• Non-renewable fuels cannot be replaced by natural processes at a faster rate than they are consumed.

For example, fossil fuels and nuclear fuels.
• Petroleum (crude oil) is a fossil fuel that is refined by fractional distillation to produce different fuels

based on their different boiling points.
• Biogas is largely methane and is produced when organic matters rots in the absence of oxygen.
• Bioethanol is produced from fermenting sugar from waste materials such as wheat starch or molasses.

It is used as an additive to petrol.
• Biodiesel is made from the reaction of plant oils and animal fats with alcohol through

transesterification.

Combustion of fuels
• Energy is the ability to do work.
• The SI unit of energy is the joule (J).
• 1000 J = 1 kJ; 1 000 000 J = 1000 kJ = 1 MJ
• The study of energy changes that accompany chemical reactions is called thermochemistry or chemical

thermodynamics.
• The total energy stored in a substance is called the enthalpy, or heat content, of the substance and is

represented by the symbol H.
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• The change in enthalpy as a reaction is known as the heat of a reaction and can be determined
according to the relationship: ∆H = Hproducts Hreactants.

• The environmental effect of a fuel can be measured in terms of its greenhouse gas emissions per
megajoule of energy produced.

• Energy exists in a number of different forms that are interconvertible, including mechanical, thermal,
chemical, sound, light, electrical, gravitational and nuclear.

• According to the Law of Conservation of Energy, whenever energy is converted from one form to
another, the total quantity of energy remains the same.

• The efficiency of changing one form of energy into another form of energy varies.
• Efficiency is defined as a percentage according to the formula:

% efficiency = energy obtained in desired form

energy available before conversion
× 100

• Exothermic reactions release energy to their surroundings and have a negative ∆H value.
• Endothermic reactions absorb energy from their surroundings and have a positive ∆H value.
• Energy diagrams or profiles may be used to visually represent changes in enthalpy.

Thermochemical equations
• Thermochemical equations are chemical equations that, besides being balanced with respect to charge

and mass, also include a ∆H value.
• Thermochemical equations are chemical equations that, in addition to balancing charge and mass,

include the enthalpy change and may be used in stoichiometric calculations to determine the energy
changes associated with chemical reactions.

• ∆H values in thermochemical equations can be evaluated from experimental data and from the ∆H
values of related equations.

• Water is formed in any combustion reaction.
• Complete combustion occurs in excess oxygen when the fuel is completely oxidised to carbon dioxide

and water
• Incomplete combustion occurs when oxygen is not in excess and products will be variable and contain

a combination of carbon, carbon monoxide or carbon dioxide.

Gaseous fuels and the universal gas equation
• The kinetic molecular theory of gases helps explain gas properties and begins with five assumptions

about gas particles. These particles:
• are moving constantly and at random
• experience an increase in kinetic energy and move more quickly when temperature is increased
• have insignificant attractive or repulsive forces between them
• are very far apart and their volume is small compared to the volume they occupy
• collide with one another and the walls of their container, exerting pressure.

• When considering gas behaviour, we are concerned with the pressure a gas exerts, the volume it
occupies, its temperature and the number of molecules it has. We express these in SI units.
• Pressure is measured in pascal (Pa). 1000 Pa = 1 kPa.

750mmHg = 0.987 atm = 100 kPa

• Temperature is converted from degrees Celsius (°C) to the absolute or kelvin scale, where absolute
zero is –273 °C.

K = °C+ 273
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• Volume is measured in cubic metres (m3), litres (L) or millilitres (mL).

1m3 = 103 L = 106 mL

• Quantity is measured in moles (mol).
• Boyle’s law states that the volume of a fixed mass of gas at constant temperature is inversely

proportional to the pressure exerted on it.

p1V1 = p2V2

• Charles’ law states that the volume of a fixed mass of gas at constant pressure is directly proportional
to its absolute (kelvin) temperature.

V1

T1

= V2

T2

• Gas volumes are measured using a standard set of fixed conditions, called standard laboratory
conditions (SLC), where temperature is 25 °C (298 K) and pressure is 100.0 kPa.

• The molar gas volume is the volume that 1 mole of gas occupies. At SLC, this equals 24.8 L. To
calculate amounts of gases at SLC, we use the equation:

nSLC =
V

24.8
where V ismeasured in litres.

• The universal gas equation combines several of the gas laws and contains the universal gas constant (R).

pV = nRT

The constant R is equal to 8.31 J K−1 mol−1 and V is measured in litres, T in kelvin and p in kPa.
• The universal gas equation enables stoichiometric calculations that link masses and volumes together

(mass–volume calculations).

Calculations related to the combustion of fuels
• Volume–volume stoichiometry can be performed using volumes rather than moles because, for gases at

the same pressure and temperature, mole ratios are equal to volume ratios.

V(unknown)
V(known)

= coefficient of unknown

coefficient of known

Calculating heat energy using the specific heat capacity of water
• The specific heat capacity (c) of a substance is defined as the amount of energy needed to raise the

temperature of 1 g of the substance by 1 °C or 1 K.
• The heat energy in a fuel can be estimated by using a known amount of the fuel to heat a known

amount of water. The formula q = mc∆T is used to calculate the heat energy added to the water;
where q is the amount of energy required, m is the mass of the substance, c is the specific heat capacity
and T is temperature.
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To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and practice
exam question booklet (doc-31394).

1.8.2 Key terms

absolute zero the lowest temperature that is theoretically possible; 0 K
absorbed taken into another substance
aquifer underground rock layers that contain water; this groundwater can be extracted using a well
biodiesel a fuel produced from vegetable oil or animal fats and combined with an alcohol, usually methanol
bioethanol ethanol produced from plants, such as sugarcane, and used as an alternative to petrol
biofuel renewable, carbon-based energy source formed in short period of time from from living matter
biogas fuel produced from the fermentation of organic matter
Boyle’s law describes the relationship between pressure and volume of a gas, such that for a fixed amount of

gas at constant temperature, pressure is inversely proportional to volume. p1V1 = p2V2

change in enthalpy the amount of energy released or absorbed in a chemical reaction
Charles’ law describes the relationship between temperature and volume of a gas, such that for a given amount

of gas at constant pressure, volume is directly proportional to the absolute temperature.
V1

T1
=

V2

T2
chemical energetics a branch of science that deals with the properties of energy and the way it is transformed in

chemical reactions
coal the world’s most plentiful fossil fuel; formed from the combined effects of pressure, temperature, moisture

and bacterial decay on vegetable matter over several hundred million years
efficiency (of energy conversion) the ratio between useful energy output and the energy input
endothermic describes a chemical reaction in which energy is absorbed from the surroundings
enhanced greenhouse effect the increasing concentrations of greenhouse gases
enthalpy a thermodynamic quantity equivalent to the total heat content of a system
exothermic describes a chemical reaction in which energy is released to the surroundings
fossil fuels fuels formed from once-living organisms
fracking the process of pumping a large amount of mainly water under high pressure into a drilled hole, in order

to break rock so that it will release gas or oil
fractional distillation the process of separating component fuels based on their different boiling points
fuel a substance that burns in air or oxygen to release useful energy
global warming a gradual increase in the overall temperature of the Earth’s atmosphere
greenhouse gases gases that contribute to the greenhouse effect by absorbing infrared radiation
heat of reaction the heat evolved or absorbed during a chemical reaction taking place under conditions of

constant temperature and of either constant volume or, more often, constant pressure
kelvin the SI base unit of thermodynamic temperature, equal in magnitude to the degree Celsius
kinetic energy energy associated with movement, in doing work
kinetic molecular theory of gases Gas particles are in continuous, random motion. Collisions between gas

particles are completely elastic.
Law of Conservation of Energy Energy cannot be created or destroyed but only changed from one form into

another or transferred from one object to another.
liquefied petroleum gas (LPG) a hydrocarbon fuel that consists mainly of air propane and butane; non-toxic,

non-corrosive, lead-free and denser than air
molar gas constant R, the constant of the universal gas equation; R = 8.31 J mol−1 K−1 when pressure is

measured in kPa, volume is measured in L, temperature is measured in K and the quantity of the gas is
measured in moles (n).

molar gas volume the volume occupied by a mole of a substance at a given temperature and pressure. At SLC,
1mole of gas occupies 24.8 litres.

natural gas a source of alkanes (mainly methane) of low molecular mass
non-renewable (with reference to energy sources) energy sources are consumed faster than they are being

formed
pascal (Pa) unit of pressure
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petroleum viscous, oily liquid composed of crude oil and natural gas that was formed by geological processes
acting on marine organisms over millions of years; a mixture of hydrocarbons used to manufacture other fuels
and many other chemicals

potential energy energy that is stored, ready to do work
pressure the force per unit area that one region of a gas, liquid or solid exerts on another
renewable (with reference to energy sources) energy sources that can be produced faster than they are used
standard laboratory conditions (SLC) 100 kPa and 25°C
stoichiometry calculating amounts of reactants and products using a balanced chemical equation
thermochemical equations balanced stoichiometric chemical equations that include the enthalpy change
thermochemistry the branch of chemistry concerned with the quantities of heat evolved or absorbed during

chemical reactions
transesterification the reaction between an ester of one alcohol and a second alcohol to form an ester of the

second alcohol and an alcohol from the original ester
universal gas equation PV = nRT, where pressure is in kilopascals, volume is in litres and temperature is

in kelvin

Digital document Key terms glossary – Topic 1 (doc-31392)

1.8.3 Practical work and investigations

Experiment 1.1
Fractional distillation of an ethanol/water mixture
Aim: To separate a mixture of ethanol and water by fractional distillation
Digital document: doc-31250
Teacher-led video: eles-3225

Experiment 1.2
The relationship between pressure and volume
Aim: To investigate the relationship between pressure and volume for a fixed amount of gas at constant temperature
Digital document: doc-31252
Teacher-led video: eles-3227

1.8 EXERCISES

1.8 Exercise 1: Multiple choice questions
1. Which of the energy profiles below represents the most exothermic reaction?

A.
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2. Consider the following equation for the formation of hydrogen chloride gas.

H2(g)+ Cl2(g) → 2HCl(g) ∆H = −184 kJmol−1

When 2 moles of hydrogen gas react completely with 2 moles of chlorine gas:
A. 184 kJ of energy is released
B. 184 kJ of energy is absorbed
C. 368 kJ of energy is released
D. 368 kJ of energy is absorbed.

3. Dry ice is solid carbon dioxide. It is stable at very low temperatures but sublimes at room temperature
according to the reaction:

CO2(s)+ heat → CO2(g)

Handling dry ice with bare hands can cause severe skin damage because solid carbon dioxide:
A. is a strong oxidising agent
B. releases considerable heat to the skin while subliming
C. absorbs considerable heat from the skin while subliming
D. forms a strong acid when dissolved in the moisture of the skin.

4. The diagram shows a container filled with gas and sealed by a movable
piston. There is sufficient gas to support the piston at point X when the
temperature is 20 °C.

gas at

20°C

movable

piston

X

Y

container

Assume that the piston is locked at X. If the gas is heated, the pressure it
exerts will:
A. increase
B. decrease
C. remain the same
D. change in an unpredictable manner.

5. The apparatus in question 4 remains at a constant temperature of 20 °C, but the piston is pushed down to
point Y and locked, so that the volume of the container is halved. The average number of molecules
striking a unit area of the wall of the container per unit time will:
A. double
B. halve
C. remain the same
D. change in an unpredictable manner.

6. A rigid container holds a fixed volume of gas at a certain temperature and pressure. In order to double
the pressure of the gas inside the container, a person could:
A. halve the amount of gas in the container
B. halve the amount of gas, but double the absolute temperature
C. double the amount of gas and double the absolute temperature
D. double the absolute temperature.

Pdf_Folio:52

52 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

C.

E
n
e
rg
y

D.

E
n
e
rg
y

UN
CO
RR
EC
TE
D
PA
GE
PR
OO
FS



“c01ObtainingEnergyFromFuels_print” — 2019/6/29 — 11:52 — page 53 — #51

7. 10 L of hydrogen gas is collected at 110 kPa and 20 °C. It is then compressed into a 2 L container at a
pressure of 1100 kPa. The new temperature will be:
A. 40 °C
B. 200 °C
C. 273 °C
D. 313 °C.

8. Tired of working in laboratories that are either freezing or too hot, Jenny has proposed a third set of
standard conditions. She has defined these as a temperature of 15 °C and a pressure of 100 kPa. Under
these conditions, the molar volume of a gas would be:
A. less than 22.7 L
B. 22.7 L
C. between 22.7 L and 24.8 L
D. greater than 24.8 L.

Questions 9 and 10 refer to the following thermochemical equation for the combustion of ethyne, commonly
known as acetylene.

2C2H2(g)+ 5O2(g) → 4CO2(g)+ 2H2O(l) ∆H = −2600 kJmol−1

9. The combustion of 0.26 g of ethyne will:
A. absorb 13 J of energy
B. evolve 13 J of energy
C. absorb 13 kJ of energy
D. evolve 13 kJ of energy.

10. The carbon dioxide contribution from the use of ethyne is:
A. 17 kg MJ−1

B. 34 kg MJ−1

C. 68 kg MJ−1

D. 134 kg MJ−1.
11. If burning 4.5 g of a fuel raises the temperature of 75 g of water by 30 °C, the heat of combustion of

this fuel is:
A. 0.0075 kJ g−1

B. 0.057 kJ g−1

C. 2.1 kJ g−1

D. 2.4 kJ g−1.
12. Which of the following best describes a renewable energy source?

A. A renewable energy source can be produced at a slower rate than the rate at which it is used by
society.

B. A renewable energy source can be produced at a faster rate than the rate at which it is used by
society.

C. A renewable energy source can be produced at the same rate as the rate at which it is used by
society.

D. The rate at which a renewable energy source can be produced is unrelated to the rate at which it is
used by society.

13. Which of the following is a renewable source of energy?
A. Coal
B. Bioethanol
C. Natural gas
D. Oil
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14. Methanol can be burned as a fuel and its heat output can be described by the following thermochemical
equation.

2CH3OH(l)+ 3O2(g) → 2CO2(g)+ 4H2O(g) ∆H = −1.45 × 103 kJmol−1

The predicted heat output from the combustion of 3.20 g of methanol would be:
A. 72.5 J
B. 7.25 kJ
C. 72.5 kJ
D. 7250 kJ.

15. A device converts 85 MJ of input energy into 50 MJ of usable output energy. The efficiency of this
device is closest to:
A. 50%
B. 60%
C. 64%
D. 85%.

1.8 Exercise 2: Short answer questions
1. State whether each of the following reactions is exothermic or endothermic.

a. H2(g) + Cl2(g)→ 2HCl(g) ∆H = −185 kJmol−1

b. H2(g) + CO2(g)→ CO(g) + H2O(g) ∆H = +41 kJmol−1

c. SnO2(s) + 2C(s)→ Sn(s) + 2CO(g) ∆H = +360 kJmol−1

d. N2(g) + 3H2(g)→ 2NH3(g) ∆H = −92.2 kJmol−1

2. Draw an energy profile diagram for each of the reactions in question 1. In each diagram, label the
reactants and the products as given by the equation, and show the ∆H value and its magnitude.

3. Ethanol burns in oxygen to produce water and either carbon dioxide or carbon monoxide. The
particular oxide produced depends on whether the oxygen supply is plentiful or limited. The molar
heats of combustion for these two reactions are –1364 kJ mol−1 and –1192 kJ mol−1 respectively.
a. Write the thermochemical equation for the combustion of ethanol to produce carbon dioxide.
b. Write the thermochemical equation for the combustion of ethanol to produce carbon monoxide.
c. Use the equations from (a) and (b) to explain how the amount of oxygen consumed influences the

oxide produced.
d. Calculate ∆H for the following reaction.

2CO(g)+ O2(g) → 2CO2(g)

4. Data tables give the heat output from the complete combustion of ethane and ethene as 51.9 kJ g−1 and
50.3 kJ g−1 respectively. Write thermochemical equations for the complete combustion of these fuels,
showing ∆H values in units of kJ mol−1.

5. Use the kinetic molecular theory to explain:
a. why gases exert pressure
b. why, for a fixed amount of gas at constant volume, pressure increases with temperature.

6. a. Convert 1.34 atm to mmHg and kPa.
b. Convert 365 mmHg to Pa and atm.
c. Convert 102 576 Pa to atm and mmHg.

7. Convert the following kelvin temperatures to Celsius.
a. 300 K
b. 427 K
c. 173 K
d. 392 K
e. 73 K
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8. Calculate the number of moles of the following gases at SLC.
a. 1.5 L oxygen, O2

b. 2.56 L of hydrogen, H2

c. 250 mL of nitrogen, N2

9. Calculate the volume of the following gases at SLC.
a. 1.53 mol hydrogen, H2

b. 13.6 g of methane, CH4

c. 2.5 × 1030 molecules of nitrogen, N2

10. Calculate the mass of the following gas samples at SLC.
a. 150 mL of oxygen, O2

b. 4.5 L of carbon dioxide, CO2

11. The pressure on a gas remains constant. Its volume is 700 mL. The temperature is 27 °C. Calculate the
temperature needed to change the volume to:
a. 14.0 mL
b. 420.0 mL.

12. Calculate the number of moles of gas present in each of the following gas samples.
a. 32.3 L of argon at 102.0 kPa and 15 °C
b. 24.3 L of nitrogen at 13.2 atm and 35 °C

13. Calculate the volumes occupied by the following gas samples.
a. 0.560 mol of carbon dioxide gas at 101.5 kPa and 17 °C
b. 15.5 mol of ethyne gas at 10.35 atm and 20 °C

14. An aerosol can of deodorant has a volume of 120 mL. The contents exert a pressure of 9.0 × 105 Pa at
27 °C.
a. Calculate the number of moles of gas present in the can.
b. How many particles are present in the can of deodorant?
c. If the contents of the can are transferred to a 200 mL container, what would be the temperature if the

pressure drops to 6.0 × 105 Pa?
15. An empty 200 mL flask has a mass of 84.845 g. It is filled with a gas at 17.0 °C and 770 mmHg

pressure and then weighs 85.084 g. Calculate the molar mass of the gas. What is the gas?
16. Each time Nick breathes, he inhales about 400 mL of air. Oxygen makes up about 20% by volume of

air. How many oxygen molecules does he inhale in one breath at 25 °C and 1.0 × 104 Pa?
17. Butan-1-ol (density = 0.81 g mL−1) burns according to the following equation.

CH3CH2CH2CH2OH (l)+ 6O2 (g) → 4CO2 (g)+ 5H2O (l)

When 10.0 mL of butan-1-ol is burned, calculate:
a. the mass of water produced
b. the volume of carbon dioxide produced at SLC
c. the volume of carbon dioxide produced at 200 °C and 1.2 atm pressure.
d. If the butan-1-ol is used to produce 100 mL of carbon dioxide at SLC, calculate the volume of

butan-1-ol needed.
18. A number of technologies either exist or are being developed to remove carbon dioxide from flue gases.

Some of these are also being investigated for the removal of carbon dioxide directly from the air. One
such process uses calcium oxide and steam (at 400 °C). The overall equation for this reaction is:

CaO (s)+ CO2 (g)
400 C

Steam
→→ CaCO3 (s)

a. Calculate the maximum volume of carbon dioxide at SLC that can be removed per 1.00 tonne of
calcium oxide.

b. Calculate the maximum mass of calcium carbonate that would be formed per tonne of calcium
oxide.
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19. In the Haber process, nitrogen and hydrogen are combined under specific conditions of temperature and
pressure to industrially manufacture ammonia.
a. Write the balanced equation.
b. What volume of nitrogen combines with 45 m3 of hydrogen?
c. What volume of ammonia would be produced if the reaction went to completion?

20. Iron can react with carbon dioxide according to the following equation.

2Fe(s)+ 3CO2(g) → Fe2O3(s)+ 3CO(g) ∆H = +26.3 kJmol−1

a. Explain why this equation may be described as a thermochemical equation.
b. Calculate the heat change, in kJ, when 2 g of iron reacts completely with excess carbon dioxide.
c. Calculate the heat change, in kJ, when 200 mL of carbon dioxide is used at SLC.
d. What mass of iron would be needed to absorb 1000 kJ of heat energy?
e. What volume of carbon dioxide would be needed at SLC to absorb 1000 kJ of energy?

21. Hydrazine, N2H4, is a liquid fuel that has been used for many years in the engines of space probes. It
was famously used in the terminal-descent engines that successfully landed the Curiosity rover on the
surface of Mars in 2012. When passed over a suitable catalyst, it decomposes quickly in a multi-step
exothermic chemical reaction. The overall equation for this process is:

N2H4 (l) → N2(g)+ 2H2(g) ∆H = −50.3 kJmol−1

a. Calculate the energy released per kilogram of hydrazine in the equation.
b. Given that the average temperature and pressure of the Martian atmosphere are 60 °C and 600 Pa

respectively, calculate the total volume of gas added to the Martian atmosphere if 50 kg of hydrazine
is used.

22. Petrol and LPG are two fuels commonly used in Australia. It is claimed that LPG is better for the
environment because it releases less carbon dioxide. It is also attractive to motorists because, even
though more litres are used, it is cheaper than petrol. As an approximation, petrol may be assumed to be
octane, whereas LPG is a mixture of propane and butane. Some relevant data is shown in the following
table.

Fuel Molar enthalpy of combustion (kJ mol−1) Density (g mL−1)

Propane –2217 0.51 (as LPG)

Butane –2874 0.51 (as LPG)

Octane –5464 0.70 (as petrol)

a. Calculate the mass of LPG (assuming it to be propane) required to produce 1.00 MJ of heat energy.
b. Calculate the mass of carbon dioxide produced from a and express your answer as g MJ−1.
c. Calculate the mass of petrol (assuming it to be octane) required to produce 1.00 MJ of heat energy.
d. Calculate the mass of carbon dioxide produced from cand express your answer as g MJ−1.
e. State the net reduction (in g MJ−1) of carbon dioxide emission when LPG is used in preference to

petrol.
f. Repeat a, b and e for LPG if it is assumed to be butane.
g. Calculate the volume of LPG (assuming it to be propane) required to produce the same energy as

1.00 L of petrol (assuming it to be octane).
h. Is it true that LPG is better than petrol? Use your answers to a–g to explain your response.
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23. It is useful to know how much energy can be obtained from
different fuels in order to determine which would be the best fuel
for a particular purpose. The apparatus in the following figure
can be constructed in the laboratory to measure the heat given out
when a fuel such as ethanol is burned.

methylated

spirits

liquid

burner

measured

volume of

water
small metal

can

The heat produced when the fuel burns is absorbed by the water
in the metal can. The temperature can be measured so, given
that the specific heat of water is 4.18 J and the density of
water is 1.00 g mL−1, the heat of combustion may be determined.

The results of one experiment are shown in the following table.

Volume of water in metal can = 200 mL

Thus, mass of water in can = 200 g

Rise in temperature of water = 11.0 °C

Mass of ethanol burned = 0.500 g

a. From these results, calculate the heat produced when 1 g
of ethanol is burned.

b. Calculate the heat of combustion for ethanol using the
above results.

c. An accurate value for the heat produced when 1 mole of ethanol
burns is 1364 kJ mol−1. Calculate the percentage
accuracy of this experiment.

d. Outline the sources of error in the experiment and then suggest
how the design of the experiment could be improved so that
more accurate heats of combustion for different fuels may be
determined.

24. Explain why the overall energy efficiency of a coal-fired power station that generates electricity is said
to be only 30% efficient.

25. A waste management/energy project near Ballarat uses organic waste from local piggeries to produce
biogas (methane and carbon dioxide). The biogas is then converted to heat and electricity.
a. Outline the energy changes in the conversion of organic waste to heat and electricity.
b. Initial proposals for construction of the project were rejected by the local council. On what grounds

could the council object to such a scheme?
c. How could the success of such a scheme be gauged?

1.8 Exercise 3: Exam practice questions
1. Nitroglycerine, C3N3H5O9, is a dangerous explosive that releases all gaseous products according to the

equation:

4C3N3H5O9 (l) → 6N2 (g)+ 12CO2 (g)+ 10H2O (g)+ O2 (g)

Calculate the total volume of gaseous products that results when 1.00 kg of liquid nitroglycerine
explodes at a temperature of 250 °C and a pressure of 300 kPa. 3 marks

2. Kerosene is a hydrocarbon fuel that may be used in lamps, jet engines and camp stoves. It has a heat of
combustion of 44 100 kJ kg−1. 3 marks
a. Explain why the heat evolved from the combustion of kerosene is measured in kJ kg−1 rather than

kJ mol−1. 1 mark
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b. A cup of billy tea contains 250 g of water. How many cups of tea can be made if 12.5 mL of kerosene
is used to heat the water? Assume that the temperature of the water increases from 20.0 °C to100.0 °C,
the specific heat capacity of water is 4.18 J g−1 °C−1 and the heat of combustion of kerosene is
37 000 kJ L−1. 2 marks

3. Consider the following two equations. (10 marks)

2CH3OH(l)+ 3O2(g) → 2CO2(g)+ 4H2O(l) ∆H = −1450 kJmol−1

2CH3CH2CH2OH(l)+ 9O2(g) → 6CO2(g)+ 8H2O(l) ∆H = −4032 kJmol−1

a. Calculate the mass of methanol required to produce 1.00 MJ of heat energy. 2 marks
b. Calculate the mass of 1-propanol required to produce 1.00 MJ of heat energy. 2 marks
c. Assuming that methanol and 1-propanol are made from non-renewable resources, calculate the net

mass reduction (in g MJ−1) of carbon dioxide when methanol is used as a fuel in preference to
1-propanol. 3 marks

d. Calculate the net volume reduction (in L MJ−1) from (c), assuming the carbon dioxide is at 101.3 kPa
and 15 °C. 3 marks

4. Methane gas is used as a fuel in many industrial and domestic situations. Sources of methane include
biogas, natural gas and coal seam gas. (6 marks)
a. Write an equation for the combustion of methane in excess oxygen. 1 mark
b. Methane may be classified as both a renewable and a non-renewable resource. Explain this using the

information provided above. 2 marks
c. In certain situations, the burning of methane may produce carbon monoxide gas. Under what

conditions might this occur? 1 mark
d. Write an equation for the combustion of methane to produce carbon monoxide. 1 mark
e. Why is the production of carbon monoxide undesirable? 1 mark
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