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Heinemann Chemistry 2 6th edition has
been written to the new VCE Chemistry
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covers Units 3 and 4. Explore how to use

this book below.

Case study

Case studies place chemistry in an
applied situation or relevant context.
Text and artwork refer to the

nature and practice of chemistry,
applications of chemistry and
associated issues, and the historical
development of chemical concepts
and ideas.

Boab trees: a food source for Indigenous Australians

The larrkardly, or Australian
Boab tree (Adansonia gregori)
(Figure 13.2:6a), s found only in
the Kimberley region of Western
Australia and east into the
Northern Territory. The tree comes.
into bloom i the wet season,
producing fruit and flowers which
fall from the tree during the dry.
season. The fruits are hard-shelled

and usually referred fo.as nuts  FIGURE 1326 o) The boa e s adefin feaure i the Kimberleyregon of Westen Austrlia
(Figure 13.2.6b), Some boab trees (8 Boob nus, raditonaly cfen by ncgenous Austlans,ae rich n wiamin C an ofer sl

are more than 1500 years old,
making them among the oldest
living organisms in Australia. As boabs age they become
hollow; they use this hollow to store water within the

trunk to help survive the harsh drought conditions of the.

Itis also rich in other vitamins (A, B1, B2 and B6),
‘minerals (calcium, iron, magnesium and potassium),
dietary fibre and amino acids. The nuts are lightweight
and keep easily for over a year, making them a

dry season. convenient food source for Indigenous Australians when

For thousands of years Indigenous Austrlians have moving around an area. The roots can be chewed to
used boab trees in many ways. They obtained water ffom  extract moisture and the iron-rich leaves used as a leafy
follows i the tree and used the white powder that fils yagetabe

the seed pod as a food; the leaves were used medicinally
Decorative paintings or carvings were sometimes made on
the outer surface of the fruit and the trunk of the tree.

Volumetric analysis can be used to determine the

vitarmin C content of the powder i the boab nut.

An acid-base titration using a standarcised sodium
The dry powdery pulp inside the boab nut is rich hydroxide solution can be used or a redox ftraion as

in vitamin G (ascorbic acic), with 40 g of the POWJEr  geccribed i this section

providing 84-100% of the recommended daly intake.

CHAPTER

@ Rates of chemical reactions

Chemical reactions occur at many different rates. The explosion of gunpowder and
the combustion of petrol in a car's engine occur very quickly. On the other hand,
the weathering of buildings, the ripening of fruit and the rusting of iron all occur
qite siowly.

By the end of this chapter, you wil be able to describe how varying the conditions
of chemical reactions can affect the rate of a reaction.

Using collision theory, you will learn to predict and explain the effects of
concentration of solutions, surface area of solids, gas pressure, temperature, and
the presence of a catalyst on the rate of chemical reactions.

The role of catalysts in changing the rate of chemical reactions will be considered
in relation to reaction pathways and the energy changes that occur during
reactions,

Key knowledge

« factors affecting the frequency and success of reactant particle collisions and
rate of a chemical reaction in open and closed systems, including temperature,
Surface area, concentration, gas pressures, presence of a catalyst, activation
energy and orientation 61,62

+ the role of catalysts in increasing the rate of specfic reactions, with reference
to alternative reaction pathways of lower activation energies and represented
using energy profie diagrams 6.3

Case study: Analysis

These case studies include real-
world data that can be analysed
and evaluated.

THE ACID-BASE PROPERTIES OF AMINO ACIDS

€ 10 solton, amino acids exist in
To understand the overall shape of a protein and the cffect of pH on this shape ‘qubrium with an ahemative form,
requires an understanding of the acid-base properties of the amino acids which are caled a zwiterion,that contains.

posiive and negative sections. The
overall charge of a witerion is
neutral.

the building blocks of proteins,
Amino acids contain polar amine and carboxyl functional groups. Therefore,
amino acids can form hydrogen bonds with water molecules and are soluble in
water. In solution:
+ the -NH, group can act s a base, accepting a proton to become a —-NH, group
+ the ~COOH group can act as an acid, donating a proton to become a ~COO~
group.
Figure 15.27 shows that an amino acid can exist in an aqueous solution a5 Modelling protein structure
a dipolar fon, known as a zwitterion. The relatively high melting point of pure

crystalline amino acids is due to the zwitterion being present in the solid state, i conputey mods chproten

structure, a segment twisted into
an ochelix is often represented as

H R o H ] o a twisted ribbon and sections of
N |7 Wit el Bpleated sheets are represented bya
N G = Ho N G et of wide parallel rbbons with arrows.
/N VA A computer mocel o 2 proein s
g o—H Hoo§ o shown in the figue belov.

There are wide variations in the relative
The carboryl group of an This alternate form of the

e lternate forn amounts of ochelix and Bsheet
Gonatngaprotontothe amino acds s zuierion structures in indvidual proteins, with

amine group. many proteins containing several

regions of both.
FIGURE 15.2.7 An anino acidcan exst in equilbrium with s viteron =

The effect of pH on amino acid structure

The dual acidic and basic nature of amino acids means that different chemical

forms of an amino acid can be in equilibrium in a solution. The predominant form

depends on the pH of the solution and the particular amino acid concerned. Figure 3
15.2.8 shows the different forms of an amino acid as pH changes.

Intermediate pH

3
rd Computer model of a protein (green and
Home N C e yellow] in whichseverl regons of ohelces
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ANALYSIS
Heterogeneous catalysts in industry

The acton of heterogensous
cataysts has it across e comsa
sovera incustial applictions. For fubts
example, since 1986 it has been
mandatory for all new carssold I
Ausrlia to have  cataist fted
betwsen the engine and the exhaust
Jibe.As anther srmpl, the oo
P process f a very mportant =
commercil eaction tht procices

amimonia gas, which i used to oneicaangar
make ertlsers,non, explosies

and some nbotn
applcation,the catalystenables
gaseous reactions to occur at an @ (®) ©

Tncrease rate of reaction du {0 .

alternative reaction pathway with a — c

lower actvation energy. ivogen  ilecies ’/

In a car's exhaust system, shown LR Y }
in Figure 634 the purpose o the ® e
caayst i to cean o oaustaasss TN/ [—]
RO T —
poluton that cou becaused

these gases entered the atmosphere.

carbon dioide,

“oxhaust gases:
unburnt fuel, nitrogen

FIGURE 6.3.4 A catalyst fited inthe exhaustsystem of a ca reduces airpolluton

Carbon monoxide and itrogen FIGURE 6.3.5 Behaviour of acatalystin ammonia producion. s Nirogen and hycdrogen
A R U D TE malecules flow tthe iron srface, (t) The molecules adsorb onto the catalyst where bonds.
wiich's

converted to the non-toxic gases

This icon is used to alert you to engage with auto-corrected
questions through Pearson Places.

These icons indicate when it is the best
time to engage with a worksheet (WS), a
practical activity (PA) or exam questions
(EQ) in the Heinemann Chemistry 2 Skills
and Assessment book.

ws| | pa EQ
[ 2 U301

Chapter
opener

Chapter opening
pages link the
study design to the
chapter content.
Key knowledge
addressed in the
chapter is clearly
listed. To help you
find where each
outcome is covered
in the chapter, the
relevant section
numbers are written
in bold.

— Highlight

: Highlight boxes focus on
important information
such as key definitions
and summary points.

—‘ ChemFile

ChemfFiles include
interesting information
and real-world examples.




. Worked example

Worked examples are set
out in steps that show '

thinking and working. Each
. Worked example is followed
by a Worked example: Try i
yourself that allows you to :
test your understanding.

Section summary

i Each section includes

a summary to help you
consolidate key points and
concepts.

Section review
¢ Each section concludes with
questions that test your :
ability to recall, explain and
apply key concepts.

. Area of Study review
Each Area of Study concludes
with a comprehensive set

including multiple choice and
i short answer, to support you
in your exam preparation.

. Glossary

Key terms are shown in

bold throughout and listed

i at the end of each chapter.
A comprehensive glossary at
. the end of the book defines

- all key terms.

. Answers

Comprehensive answers for all
section review, chapter review
i and Area of Study review

i questions are provided via the :
. Heinemann Chemistry 2 6th

edition eBook + Assessment.

Worked example 4.2.1
CALCULATING OXIDATION NUMBERS

Use the rules in Table 4.2.1 to determine
in KCIO,.

the oxidation number of each element

Thinking

Working

Identify an element that has a
set value.

Kis a main group metal in group 1.
According to rule 3a, the oxidation
number of potassium is +1.

Identify any other elements that have
set values.

According to rule 3c, oxygen has
an oxidation number of -2 unless
attached to fluorine or in a peroxide.

Use algebra to work out the oxidation
number of the other element.

Let the oxidation number of chlorine
in KCIO, be x.
Solve the sum of the oxidation
numbers for x:

+Hl4x+(@4x-2)=0

Chapter review

Each chapter concludes with a list
of key terms and questions that

test your understanding of the key
knowledge covered in the chapter.

Write oxidation numbers above the
elements in the formula.

H1+x-8=0
x-7=0
x=47
Kdio,

Note that the oxidation number of
oxygen is written as -2 (not as -8),
even though there are four oxygen
atoms in the formula—the oxidation
number is written per atom.

Worked example: Try yourself 4.2.1
CALCULATING OXIDATION NUMBERS

in NaNO,.

Use the rules in Table 4.2.1 to determine the oxidation number of each element

6.1 Review

« The rate of a reaction is the change in concentration
of reactants or products over time, with the unit of
mol L+ s

+ Arange of experimental methods can be used o
meastire the rate of a reaction, including measuring
the following during specific ime intervas:

- the volume of gas produced
- the mass loss (f a gaseous product is formed).

« Collsion theory s a theoretical model that accounts
for the rates of chemical reactions in terms of
collisions between particles during a chernical
reaction

+ According to collsion theory, for a reaction to occur
the reactant particies must:

- collde with each other

- collide with sufficient energy to break the bonds
within the reactants.

- collide with the correct orientation to braak the
bonds within the reactants and so allow the
formation of new products.

of exam-style questions, —

KEY QUESTIONS

Knowledge and understanding
1 Listthe three mein requirements that collding
particies must meet for ther to react.

Explain why an amount of energy greater than o
equal to the activation energy is needed to start a
reaction.
3 Explain how the magnitude of the activation energy.

affects the rate of a reaction.
Analysis
The formation of hydrogen iodide from its elements is
represented by the equation

H.(@) +1,(8) — 2HIle)

This reaction has an activation energy of +167 kI
mol, and the energy change, AH, s +28 kJ mol-.
What i the activation energy for the reverse reaction:
the decomposition of 2 mol of hydrogen iodide?

+ The activation energy of a reaction is the minimurm
amount of energy required to break reactant bonds.
to allow a reaction to proceed. It i the minimum
amount of energy that a collision between reactant
particles must possess for a reaction to oceur.

+ The transition state is an arrangement of atoms
that occurs when the activation energy is absorbed.
“The transition state is an unstable state in which
bonds in the reactants are being broken and bonds
in the products are starting to form.

+ An energy profile diagram shows the activation
energy as a peak of highest potential energy
between the energy of the reactants and the energy
of the products.

When 1 mol of methane gas burns completely in
oxygen, the process of bond-breaking uses 3380 kJ
of energy, and 4270 kl of energy is released as new
bonds form.
a Wiite a balanced chemical equation for
the reaction.
b Calculate the value of the energy change, A, for
the reaction.
 Draw and label a diagram to show the changes in
energy during the course of the reaction
6 Hydrogen peroxide, a colourless solution, decomposes
to produce oxygen gas and water according o the
reaction:
2H,0,(a0) —> 2H,00 + 0,(8)
The reaction is also excthermic. Describe two ways in
which the rate of his reaction could be monitored.

Chapter review

activation energy exothermic
adsorption frequency

catalysis heterogeneous catalyst
catalyst homogeneous catalyst
collision theory Kinetic ener

endothermic
energy profile diagram

REVIEW QUESTIONS

Knowledge and understanding
1 The following changes are made to a reaction
mixture. Which change wil lead to a decrease in
reaction rate?
A Smaller solid paricles are used.
B The temperature is decrease.
C Acatalyst i added.
D The concentration of an aqueous reactant
is increased.

Maxwell-Boltzmann
distribution curve

Which of the following is the correct unit for

measuiing the rate of a reaction?

A molLi st

B moliLs

€ moliLis

D molLs"

Which one of the following alternatives correctly.

explains why the rate of reaction between 1 M

CuSO, and powdered zinc is greater than with an

equal mass of large zinc pieces?

A The energy of colisions between the Cu*(ac)
fons and powdered zinc is greater than with the
large zin pieces.

B The frequency of collisions between the Cu(ag)
fons and powdered zinc is greater than with the

large zin pieces.

€ The energy of collisions between the Cu(ac)
ions and large zinc pieces is greater than with
the powdered zinc.

D The frequency of collisions between the Cu"(ag)
fons and large zinc pieces is greater than with
the powdered zinc.

236 AREAOF STUDY 2 | HOW CANTHERATE AND YELD OF CHEMCAL

S

photochernical smog.
rtion

rate of reaction
reaction pathway

transition state.

4 Which one of the following statements correctly describes.

what must occur when reactant partiles collide.

and react?

A Collding particles must have an equal amount of
Kinetic ener

B Colliing particles must have different amounts of
Kinetic energy.

€ Collding particles must have kinetic energy greater
than or equal o the average kinetic enerey.

D Colliding particles must have kinetic energy greater
than or equal to the activation energy of the reaction.

Which pair of statements is correct for the effects of a

catalyst and the concentration on the rate of reaction?

& | colision frequency

colision frequency

B | actation eneray activation energy

© [ actvation energy colision frequency

colision frequency activation energy
increases. decreases

6 Explain the difference between the terms frequency of
collisions’ and ‘proportion of collisions'.

226 AREAOFSTUDYZ | H
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. T
UNIT 3 ¢ Area of Study 1

What are the current and future options for supplying energy?

{ Multiple-choice questions

1 Which of the olloving is not characterstic of a reaction

in which encrgy i obtained from a uel?

A Itis exothermic

B Chemical energy (enthalpy) is converted nto other
forms of enery.

€ The combined enthalpy of the products is igher
than that of the reactants

D The enthalpy change (a4 i negative
2 Which of the folloving equations correctly represents
the complete combustion of ethanal?
A CH.CH,OH() + 0,(@) —> 2C(9) + 3H,0(0)
B CH.CH,OH() + 20,(8) —> 2C0(@) + 3H,0(0)
€ 2CH.CH,OH() + 70,(8) —> 400, (&) + 6H,0(8)
D CH.CH,OH() +30,(2) — 2C0,@ + 3H,0@
3 Biodiesel manufactured from plant ois is an
incrasingly important alternative o the petradiesal
isolated from crude ol The difierance i the amount
of carbon dioxide generated by the combustion of
petrodiesel and biodiesel i very smal, yt t i argued
that switching to biodiesel wil reduce net greenhouse
emissions. This is mainly becasa
A growing plant feedstocks for biodiesel production
removes carbon dioxide from the air through
photosynthesis

B the carbon dioxide produced by burning fosil
fuels s a stronger greanhouse gas than the carbon
dioxice produced by burning biofuels

€ combuston of biodiesel produces fewer other
greenhouse gases, such as methane

D biodiesel combustion produces significantly more
energy, <o les neads {0 be burnt for the same
energy output.

4 Which ofthe following i a s o species which is
arranged in order of increasing oxdation number of
the nitrogen atoms?

A NH,, N, NO, NO,
B N0, NO,NH, N,
€ NO, N, NO, HNO,
D N0, NO, N, NH,

5 Which of the following best describes the features of an
anode in a galvanic cell?

6 A can conteining 250 & of water at a temperature of
18.5°C is heatec with 12.6 kJ of energy. Which of the
following is the correct heoretical temperature that
would be reached by the vter in the can?

A121°C
B 197°C
¢ 236C
b 306°C

The following information relats to Questons 7-5.

The thermochemical equaton for the complete

combustion of propane s

€@+ 50,@ — 3C0,(@)+ 4H,00) aH--2220 k)

7 Which energy profe ciagram best epresents the

energy changes tht take place during tis reaction?

e !

= 2w

H

2

&|

Reactonprogrss Readton progres

°

H

2

Reacton progress Reacton progress

13.2 Redox titrations of organic

compounds

In Unit 2 you were introduced to volumetric analysis, an analytical technique

concentration and a solution of accurately known concentration,

While volumetric analysis is often used to analyse Solutions of acids and bases
I

in this section you will e
used to analyse for organic compounds in solution.

how volumetric analysis using redox reactions can be

Concentration
Determining theconcentraton of he soluton under
analyis s at the heartofvaumetric analysi.

A8 you know, concentraton is  measure f the amount
ofsolut i aspecied volume of soluton. Chemists oten
express concantaton as molar concentaton,eferred to
a5 moarty. Molary is defined s the amount of solte
in ml,issoived n 1 e of soluton

oncentaton. MO O S0t (1 o)
raten = Lelume of saluion (n )

“The unit of molarity is mol L, which has the symbol M.
Other units of concentration

Another concentration measure often used in volumetric
analysis is mass per unit volume. Examples are shown in
Table 1321

TABLE 13.2.1 Some conceriraton measuresbased on mass pe un

st e L
mgL me L

mgmLt me m
pemit ve m

Thess concentrations are easily calculated by dividing
the mass of solute, in the desired unit, by the volume of
Solution, i the desired unit
o example, concentaton (n g L) = 7 (2
Many commercial products express concentration in
other ways, such as:
+ percentage mass/volume (% m/v), ic. grams per
L

ming)

+ percentage by mass (% m/m),ie. grams per 100 g
+ percentage by volume (% v/v), ie. mL per 100 mL

Converting between concentration

Different units of concentration can be interconverted, for
example from mol L tog L.

Figure 13.2.1 shows  useful relationship for conversion
between the two concentration units most often used in
volumetric analysis, mol L' (M) and g L

 molar mssofsoute

- molar mass ofsoute

FIGURE 13.2.1 The relationshia for conversios between mol L
gl
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CHAPTER

1 Scientific investigation

The development of a set of key science skills is a core component of the study

of VCE Chemistry and applies across Units 1 to 4. Chapter 1 scaffolds the
development of these skills. The opportunity to develop, use and demonstrate
these skills in a variety of contexts is important before you undertake investigations
and when you are evaluating the research of others.

Although this chapter can be read as a whole, it is best to refer to it and use it
when the need arises as you work through other chapters. For example, you may
need a refresher on what is required to be included in a conclusion. This chapter
also contains useful checklists to help you plan investigations, graph results and
complete aspects of a scientific report, such as that required for Unit 4 Area

of Study 3, which is undertaken in Units 3 and/or 4 in Unit 4. Similarly, when
performing a practical investigation, as part of your chemistry studies, refer to
this chapter to make sure that you collect data properly and that your data is of
high quality.

Key science skills
Develop aims and questions, formulate hypotheses and make predictions

 identify, research and construct aims and questions for investigation 1.1, 1.2
 identify independent, dependent and controlled variables in experiments 1.2
« formulate hypotheses to focus investigations 1.2

« predict possible outcomes of investigations 1.2

Plan and conduct investigations

« determine appropriate investigation methodology: case study; classification and
identification; controlled experiment; fieldwork; literature review; modelling;
product, process or system development; simulation 1.1

« design and conduct investigations; select and use methods appropriate to
the selected investigation methodology, including consideration of sampling
technique and size, equipment and procedures, taking into account potential
sources of error and causes of uncertainty; determine the type and amount of
qualitative and/or quantitative data to be generated or collated 1.1, 1.2, 1.3

+ work independently and collaboratively as appropriate and within identified
research constraints, adapting or extending processes as required and
recording such modifications in a logbook 1.3

Comply with safety and ethical guidelines

+ demonstrate safe laboratory practices when planning and conducting
investigations by using risk assessments that are informed by safety data
sheets (SDS), and accounting for risks 1.2

« apply relevant occupational health and safety guidelines while undertaking
practical investigations 1.2

demonstrate ethical conduct when undertaking and reporting investigations 1.2



KEY SCIENCE SKILLS conminueo

Generate, collate and record data

systematically generate and record primary data, and collate secondary data,
appropriate to the investigation, including use of databases and reputable
online data sources 1.3

record and summarise both qualitative and quantitative data, including use of a
logbook as an authentication of generated or collated data 1.3

organise and present data in useful and meaningful ways, including schematic
diagrams, flow charts, tables, bar charts, line graphs, and calibration
curves 1.3,1.4

Analyse and evaluate data and investigation methods

process quantitative data using appropriate mathematical relationships and
units, including calculations of ratios, percentages, percentage change and
mean 1.4

use appropriate numbers of significant figures in calculations 1.3, 1.4

plot graphs involving two variables that show linear and non-linear
relationships 1.4

identify and analyse experimental data qualitatively, handling, where
appropriate, concepts of: accuracy, precision, repeatability, reproducibility,
resolution, and validity of measurements; and errors (random and
systematic) 1.3

identify outliers, and contradictory, provisional or incomplete data 1.4

repeat experiments to evaluate the precision of data 1.3

evaluate investigation methods and suggest ways to improve precision, and to
reduce the likelihood of errors 1.3, 1.5

Construct evidence-based arguments and draw conclusions

distinguish between opinion, anecdote and evidence, and between scientific
and non-scientific ideas 1.1, 1.2

evaluate data to determine the degree to which the evidence supports the aim
of the investigation, and make recommendations, as appropriate, for modifying
or extending the investigation 1.5

evaluate data to determine the degree to which the evidence supports or
refutes the initial prediction or hypothesis 1.5

use reasoning to construct scientific arguments, and to draw and justify
conclusions consistent with evidence and relevant to the question under
investigation 1.5
identify, describe and explain the limitations of conclusions, including
identification of further evidence required 1.5

discuss the implications of research findings and proposals 1.5
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Analyse, evaluate and communicate scientific ideas

use appropriate chemical terminology, representations and conventions,
including standard abbreviations, graphing conventions, algebraic equations,
units of measurement and significant figures 1.3, 1.4, 1.5, 1.6

discuss relevant chemical information, ideas, concepts, theories and models
and the connections between them 1.1, 1.2,1.3,1.4, 1.5

analyse and explain how models and theories are used to organise and
understand observed phenomena and concepts related to chemistry,
identifying limitations of selected models/theories 1.1,1.2,1.3, 1.4

critically evaluate and interpret a range of scientific and media texts
(including journal articles, mass media communications and opinions in the
public domain), processes, claims and conclusions related to chemistry by
considering the quality of available evidence 1.2, 1.5, 1.6

apply sustainability concepts (green chemistry principles, development goals
and the transition from a linear towards a circular economy) to analyse and
evaluate responses to chemistry-based scenarios, case studies, issues and
challenges 1.2

identify and explain when judgments or decisions associated with chemistry-
related issues may be based on sociocultural, economic, political, legal and/or
ethical factors and not solely on scientific evidence 1.1

use clear, coherent and concise expression to communicate to specific
audiences and for specific purposes in appropriate scientific genres, including
scientific reports and posters 1.6

acknowledge sources of information and assistance, and use standard
scientific referencing conventions 1.6

VCE Chemistry Study Design extracts © VCAA (2022); reproduced by permission.



FIGURE 1.1.1 During the electrolysis of tin(ll)
chloride, distinct metallic crystals are formed at
the negative electrode. These can be shown to
be tin crystals.

4 CHAPTER 1 | SCIENTIFIC INVESTIGATION

1.1 The nature of scientific
investigations

Chemistry is the study of matter, how it behaves and interacts with other matter. As
scientists, chemists extend their understanding using the scientific method, which
involves investigations that are carefully designed, conducted and reported. Well-
designed research is based on a sound knowledge of what is already understood
about a subject, as well as careful preparation, measurements and observations.

OBSERVATIONS

When you make observations during a scientific investigation, you use your
senses and a wide variety of instruments and laboratory techniques. Qualitative
observations provide information about what is present. For example, the formation
of crystals on the negative electrode in an electrolysis investigation, as shown
in Figure 1.1.1, can indicate that the metal ions are being reduced. In contrast,
quantitative observations provide numerical information to answer questions
such as how many, how much and how often; for example, by taking a reading
on an electronic balance, or measuring the initial and final volumes on a burette.
Quantitative observations are accompanied by relevant units such as grams (g) or
millilitres (mL) (Figure 1.1.2).

FIGURE 1.1.2 The measurement of masses is an example of quantitative observations. Masses are
measured using an electronic balance.

® You will now be able to answer key question 1.

Interpreting observations

A student might observe that when a solution of tin(II) chloride is electrolysed,
metallic crystals are formed at the negative electrode. Similarly, the electrolysis of
copper(Il) chloride produces a red-brown coating on the negative electrode and
metallic crystals are again formed on the negative electrode during the electrolysis
of lead(IT) nitrate.

How observations are interpreted depends on past experience and knowledge, but
to an enquiring mind the above observations could provoke further questions, such as:
*  How can the student know the crystals/coating were of a metal?

* Does the electrolysis of all metal compounds result in a solid metal being formed?

*  Why do some metals make a coating, while others form crystals at the negative
electrode?

* Does the concentration of the aqueous solution affect the size of the metal
crystals being formed?



Many of these questions cannot be answered through observation alone, but
they can be answered through scientific investigations. Good scientists have acute
powers of observation and enquiring minds; they rely on evidence and trends in
evidence and they make the most of chance opportunities. They gather and record
their observations carefully, so that they can be referred to in the future.

THE SCIENTIFIC METHOD

Scientists observe, consider what is already known by consulting the work of other
scientists, and then they ask questions.

Scientific inquiry is not a linear process. Figure 1.1.3 illustrates the scientific
method, in which a research question is investigated by forming a hypothesis (a
prediction based on scientific reasoning that can be tested experimentally) and then
testing it. Scientists will not necessarily complete these steps in the order shown
below, and some steps may need to be repeated or altered to more accurately
address the research question that they are trying to answer.

[ research question ]

Y

[ hypothesis

—»[ design and perform experiment i—»
methodology
modify experiment and methods

and/or make a new
!

discussion

—

[ check hypothesis

Y

4m(results support hypothesis?)

* yes

[ repeat experiment several times ]

Y

[ conclusion ]

FIGURE 1.1.3 The scientific method

Scientific investigation methodologies

Scientists test their ideas about their research question using various investigation
methodologies. The methodology is a brief description of the general approach
taken to investigate the research question and the reasons why this approach is
taken. Using the evidence gained from those investigations, scientists suggest
possible explanations for the things they have observed.

Practical investigations involve direct experiences or hands-on activities. Suitable
methodologies for a practical investigation would be controlled experiments,
simulations, fieldwork or modelling. In comparison, a research investigation could
follow the methodology of a literature review or could start with a case study.

CHAPTER 1
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0 The methodology is the general
approach used to investigate the
research question. The method
(procedure) is the set of specific steps
that are taken to collect data during an
investigation.

CHAPTER 1 | SCIENTIFIC INVESTIGATION

The different approaches that you could use for investigations are outlined in
Table 1.1.1.

TABLE 1.1.1 Some scientific investigation methodologies

Type of methodology Explanation

case study investigation of a real or hypothetical situation, such as
an activity, event, or problem, often involving analysis of
data within a real-world context

classification and using features or properties to classify or identify a
identification substance
controlled experiment experimental investigation that involves formulating

a hypothesis and testing the effect of an independent
variable on the dependent variable while controlling all
other variables in the experiment

fieldwork collecting data outside the laboratory

literature review critical analysis of what has already been investigated
and published, using secondary data from other people’s
investigations to explain events or propose new ideas or
relationships

modelling using models as representations of objects, systems or
processes to aid understanding or make predictions

product, process or system using scientific understanding and advances in
development technology to design a new tool, method or process to
meet the demands or needs of society

simulation using mathematical models or computer simulations to
test hypotheses or conduct virtual experiments

LIMITATIONS OF THE SCIENTIFIC METHOD

The scientific method can be applied only to hypotheses that can be tested.
A hypothesis that is not testable can be neither supported nor disproved by the
scientific method.

It is important to understand that although a hypothesis may be supported by
experimental data, the same hypothesis may not be supported in all circumstances—
it has only been found to be true under the conditions that have been tested.

The scientific method cannot be used to test morality or ethics. These
judgements belong to the fields of philosophy, history, politics and law. Science
can, however, provide valuable information that people can consider when making
these judgements. For example, science can be used to predict the environmental
consequences of pollution and the medical consequences of chemical weapons.

® You will now be able to answer key questions 2, 3 and 6.

NON-SCIENTIFIC FACTORS THAT INFLUENCE SCIENTIFIC
INVESTIGATIONS

When you investigate questions or issues related to applications of the principles
of chemistry in society, it is important to be able to distinguish between factors
that are scientific and those that are non-scientific. Often an investigation into a
chemical issue must consider non-scientific information, including sociocultural,
economic, political, legal or ethical factors.

For example, a discussion of the issue of climate change must involve scientific
data, such as the concentration of carbon dioxide in the atmosphere, but it must
also consider political factors, such as governmental support of the United Nations
Paris Agreement (2015) on climate change.

Non-scientific factors may be classified under more than one category.



Sociocultural factors

Sociocultural factors are those related to individuals, communities, cultures and
society. Questions these may raise include:

e Who is directly involved?

¢ Who will benefit?

e Who might be negatively affected?

Economic factors

Economic factors are those related to costs and resources. Examples might include:
e Who will pay for the research?

e Who will pay for the development, production and application?

e Wil this cause a loss of profit for another stakeholder?

e Will there be any costs involved for the government?

Political factors

Political factors are those related to government or public affairs. Examples might
include:

e What is the relevant government policy?

e Is there a difference in opinion between political parties?

Legal factors

Legal factors are those connected to law (legislation) or rules. Examples might
include:

e What state legislation covers this area?

e What federal legislation covers this area?

Ethical factors
Ethical factors are those related to moral principles, and the need to determine what
is right and what is wrong. Examples might include:
e Is one group of people advantaged over another by the desired outcome?
e Does the desired outcome prevent anyone from meeting their basic needs?
e Has the investigation been reported honestly, or have some results been omitted
because they didn’t support the desired outcome?
Table 1.1.2 gives examples of non-scientific factors that may have been
considered during the rapid development of COVID-19 vaccines in 2020-21.

TABLE 1.1.2 Examples of non-scientific factors affecting the development of COVID-19 vaccines

Why is Who will What Have the Are there
vaccination pay for the agreements vaccines been vulnerable
necessary? research, have been approved for use groups who
development made for in Australia by should be
and the supply the Therapeutic prioritised for
production? of various Goods vaccination?
vaccines? Administration?

® You will now be able to answer key questions 4 and 5.

0 Non-scientific factors, such as
sociocultural, economic, political,
legal or ethical factors, may influence
a chemical issue and should
be considered as part of some
investigations.

CHAPTER 1 | SCIENTIFIC INVESTIGATION 7



1.1 Review

SUMMARY

« Examples of useful methodologies for an .
investigation include case studies, classification
and identification, a literature review, modelling,

A hypothesis is a possible explanation for a set of
observations that can be used to make predictions,
which can then be tested experimentally.

simulations and controlled experiments. .

+ Well-designed experiments are based on a sound
knowledge of what is already understood or known,
and on careful observation.

» The scientific method is an accepted procedure for
conducting investigations.

KEY QUESTIONS

Knowledge and understanding

Controlled experiments allow us to examine
one factor at a time: they are a commonly used
methodology for testing hypotheses.

Science helps us to understand a situation or
phenomenon. It is used in conjunction with other
considerations, such as sociocultural, economic,
political. legal and ethical factors.

1 1
1 1
1 1
1 1
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1 1
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1 ]
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1 ]
1 ]
1 ]
1 ]
1 ]
1 ]
1 ]
1 ]
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
! Factor Scientific Non-scientific 1
1 Rewrite the following table, identifying which of the (yes or no) (include :
X following pieces of information about data collected category) X
. in an experiment are qualitative and which are concentration of :
. quantitative. Place a tick in the appropriate column. carbon dioxide in the .
1 1
. Information Quantitative Qualitative atmosphere (ppm) .
. colour of federal governmental .
! elec:rode support of the !
1 United Nations Paris 1
, temperature of Agreement on climate .
X electrolyte change !
1

: oresence of UNESCO 2017 :
1 bubbles Declaration of Ethical 1
. Principles in relation to .
! change in mass Climate Change !
f of electrode 1
' university modelling 1
: concentration of for the impact of costs X
: electrolyte of climate change .
] 1
' 2 The scientific method has certain limitations. Which use of hydrogen fuel !
' of the following cannot be tested using the scientific cells to limit carbon !
: method? dioxide emissions :
! A a difficult hypothesis Commonwealth .
. B the moral issues involved in an investigation Renewable Energy .
: C a complicated, multistep methodology (Electricity) Act 2000 :
1 . . . . 1
: D the environmental aspects of an investigation Analysis :
E 3 A student wishes tp inyestigate how the dissolved 5  Economic factors should be considered when E
' oxygen concentration in water changes along the establishing industrial chemical processes. Consider '
. length of a creek from its source in the hills to where the commercial production of hydrogen for use as a .
| it joins the Yarra River. Identify the methodologies that transport fuel. Describe two economic factors that are
. . : o . .
: would be involved in this investigation. considered when trying to maximise the production of
' 4 Copy this table into your workbook. Classify each hydrogen. !
. specific factor or resource related to climate change 6 A student wanted to investigate how to produce a low- |
' as SC|en.t|f|c or non-scientific, and for non-scientific alcohol wine from grapes. By referring to Table 1.1.1, '
X factors, identify the category. suggest three different methodologies the student X
. could use in this investigation. '
. :
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1.2 Planning investigations

Taking the time to carefully plan and design an investigation before you begin will

help you maintain a clear and concise focus throughout. In this section you will

learn about some of the key steps to take when planning an investigation:

e choosing a topic

e developing and refining your investigation (i.e. determining your research
question, hypothesis, aim, methodology and methods, and variables)

*  modifying an existing investigation

e complying with safety guidelines

e applying ethical principles

e sourcing and evaluating information.

CHOOSING A TOPIC

When you choose a topic, consider the following:

e Do you find the research topic interesting?

e Is there background information on your topic that relates to your course?

e Does your school laboratory have the resources for you to perform the
investigation?

e Can you collect clear, measurable data?
Several practical research areas are suggested in Table 1.2.1.You will learn more

about useful research techniques for topics such as these later in this section.

DEVELOPING AND REFINING YOUR INVESTIGATION

When you begin a scientific investigation, you should develop and evaluate a
research question, decide on an appropriate investigation methodology and method,
determine the associated variables, define the aim and formulate a hypothesis. Each
of these can be refined as the planning of your investigation continues.

Determining your research question

Once you have decided upon a topic or idea of interest, the first thing you need to do
is conduct a search of the relevant literature; that is, you must read scientific reports
and other articles on the topic to find out what is already known, and what is not
known or not yet agreed upon. The literature also gives you important information
for the introduction to your report and ideas for experimental methods. Use this
information to generate potential research questions. Figure 1.2.1 on the following
page outlines steps for developing ideas for a proposed research question.

Your research question must be focused on and limited to ideas that are within
your abilities to investigate, or the resources and equipment you have available.

For example, for an experimental investigation you might form the research
question: How does the distance between the electrodes affect the mass of copper
deposited at the cathode during the electrolysis of copper(Il) sulfate? You will be
able to investigate this research question using a compound, copper(II) sulfate and
copper or graphite electrodes, which are commonly found in schools.

In a controlled experiment, the question should refer to the relationship
between the independent variable and dependent variable. For example: In the
research question: ‘How does the distance between the electrodes affect the mass
of copper deposited at the cathode during the electrolysis of copper(Il) sulfate?’,
the independent variable is the distance between the electrodes and the dependent
variable is the mass of copper deposited at the cathode.

TABLE 1.2.1 Potential research areas that could
be investigated

Production of Production of
energy chemicals
efficiency of changes that can be
galvanic cells made to electrolytic
cells
factors affecting factors affecting the
the operation of oxidation of ethanol
fuel cells to make ethanoic
acid

CHAPTER 1 | SCIENTIFIC INVESTIGATION 9
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Do you have access

equipment (e.g. experiments? How research
waterbaths or data many classes have (e.g. in the school
loggers)? been allocated? chem lab)?

Do you have time
to conduct the

Where will you

to appropriate conduct your

Is the question
specific? Can you
identify the
independent,
dependent and
controlled variables?

Can you construct a
hypothesis from your
research question?

Does the question
interest you?

Does the question

':;zzgif: end in a question
question mark? If it doesn't,

it is not a question!

FIGURE 1.2.1 Developing ideas for a proposed research question

Consider using the following checklist for the research question:

U Relevance—make sure your question is related to your chosen topic.

0 Clarity and measurability—make sure your prediction can be framed as a clear
hypothesis that can be measured.

U Knowledge and skills—make sure you have a level of knowledge and laboratory
skills that will allow you to explore the question. Keep the question simple and
achievable.

U Advice—seek advice from your teacher on your question. Their experience may
lead them to consider aspects of the question that you have not thought about.

Determining the aim

The aim is a statement describing in detail what will be investigated. For example:
To determine how the distance between the electrodes affects the mass of copper
deposited at the cathode during the electrolysis of copper(I) sulfate.

Making predictions and constructing a hypothesis

A hypothesis is a prediction based on scientific reasoning that can be tested
experimentally. Carefully designed experiments are conducted to determine
whether the predictions made in a hypothesis are accurate or not. If the results of
an experiment do not fall within an acceptable range, the hypothesis is rejected. If
the predictions are found to be accurate, the hypothesis is supported. If, after many
different experiments, one hypothesis is supported by all the results obtained so
far and is considered to have been verified using the scientific method, then this
explanation can be given the status of a theory or principle.

In a practical investigation, a hypothesis defines a proposed relationship between
two variables and takes the form of cause and effect.

For example, an investigation is made into how the distance between the
electrodes affects the mass of copper deposited at the cathode during the electrolysis
of copper(Il) sulfate. A potential hypothesis could be: If the distance between the
electrodes decreases, then the mass of copper deposited on the cathode will increase
because a smaller distance will result in a lower resistance within the solution and
a greater current will flow through the circuit. Faraday’s first law of electrolysis
relates current to charge according to the equation, Q = I, so if current increases,
then the charge will increase, the amount of electrons moving through the circuit
will increase, and the mass of copper deposited will increase.

® You will now be able to answer key questions 3 and 4.

| SCIENTIFIC INVESTIGATION



Selecting an appropriate methodology and method

When you plan a scientific investigation, you will need to think about the best
way to address the research question. The scientific investigation methodology
(Table 1.1.1) and the method/s (also known as procedure/s) selected will depend

on the aim of the investigation and the research question.

Factors to consider when selecting an appropriate methodology include:

Do you have access to a laboratory, materials and chemicals (for a controlled
experiment or product/process/system development)?

Do you have access to a school or public library (for a literature review or case
study)?

Do you have computer access (e.g. international databases for classification and
identification or for access to simulations)?

The method is the set of specific steps that are taken to collect data during the

investigation. You will learn more about determining your method/s in Section 1.3.

Defining your variables

The variables are the factors that change during your experiment. An experiment
or investigation determines the relationship between variables.

There are three categories of variable:
The independent variable is the variable that is controlled by the researcher.

The dependent variable is the variable that may change in response to a change
in the independent variable. This is the variable that you will measure or observe.

Controlled variables are all the variables that must be kept constant during

0 When writing a research question for

the investigation.

A valid experiment should have only one independent variable. If it had more
than one, you could not be sure which independent variable was responsible for the
changes observed in the dependent variable. Table 1.2.2 gives examples of research

a controlled experiment, include the
independent and dependent variables.
For example, what is the effect of

[the independent variable] on [the
dependent variable]?

questions and potential independent and dependent variables.

TABLE 1.2.2 Examples of research questions and corresponding independent and dependent

variables

Research question

How does the surface area
of the electrodes affect the
current transferred through
a galvanic cell made up

of a Cu(s)/Cu?(aq) and a
Zn(s)/Zn?*(aq) half-cell?

How does the number of
carbon atoms in alcohol
affect the enthalpy of
combustion of the alcohol?

How does the vegetable
oil from which biodiesel

is synthesised affect the
enthalpy of combustion of
the biodiesel?

surface area of the electrodes
—this could be varied by
keeping a constant length
and changing the width of the
electrodes or keeping the size
of the electrode constant and
dipping a larger depth of the
electrode into the half-cells
for each variation

number of carbon atoms in
the alcohol that is combusted

the type of vegetable oil
(such as peanut oil, sunflower
oil, sesame oil, etc.) used in
the synthesis of biodiesel
samples

Independent variable Dependent variable

current going through a
simple circuit made up
of the galvanic cell and
an ammeter

enthalpy of combustion
as determined using
simple calorimetry

enthalpy of combustion
as determined using
simple calorimetry

CHAPTER 1 | SCIENTIFIC INVESTIGATION 11



Swapping independent and
controlled variables

When you have found an experiment
that you want to change to an
investigation, consider the controlled
variables that were used for the

initial experiment. Often a controlled
variable for one investigation can
become the independent variable

for a new investigation. For example,
in many rates investigations, the
possible independent variables
include concentration, temperature
and sometimes the use of a catalyst.
You may have already carried out an
experiment, in which you changed
one independent variable (e.g. the
concentration). When designing a
new investigation, you could make
that independent variable one of the
controlled variables, and choose a new
independent variable (e.g. temperature)
for your investigation. You will now
have a new investigation, ready to go!

Change the
independent
f Change the
Why/ variable.
where... ; dependent
? variable(s).
™ Start with
an existing How can
research other
How... ) =]
question. variables be
/ \ controlled?

What...

How can...
be applied
to...

FIGURE 1.2.2 How to modify an existing
investigation
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Linking the planning parts of the investigation together

Your research question, hypothesis, aim and variables should all link together.
Table 1.2.3 provides an example of a research question, variables, potential
hypothesis and aim that link together.

TABLE 1.2.3 Example of research question, variables, potential hypothesis and aim

Research question How does the number of carbon atoms in an alcohol affect the
enthalpy of combustion of the alcohol?

GELNGENRETE BB the number of carbon atoms in the alcohol that is combusted
DEVENGETIAETTEL VAN the enthalpy of combustion as determined using simple calorimetry

Controlled variables the spirit burner used to burn the hydrocarbon, the distance
between the flame and the calorimetry can, the calorimetry can
used to hold the water that is heated, the initial mass of alcohol
in the spirit burner (affects how well the wick is soaked), the
initial temperature of the water in the calorimetry can

Potential hypothesis As the number of carbon atoms increases, the enthalpy of
combustion will increase because there are more carbon-carbon
bonds to break and more products (CO, and H,0) are formed, so
H(products) — H(reactants) will increase.

To determine how the number of carbon atoms in an alcohol
affects the enthalpy of combustion of the alcohol.

® You will now be able to answer key questions 1, 5, 6 and 8.

MODIFYING AN EXISTING INVESTIGATION

When you are designing a research question for a controlled experiment, it is often
easiest to modify an investigation that you have already conducted in class. For example,
you could use an existing method and choose a different independent variable (which
might change the dependent variable). Table 1.2.4 shows possible changes that could
be made to a practical investigation that you have already undertaken in class.

TABLE 1.2.4 Examples of how to change an existing practical investigation into a student-designed
investigation

Existing practical investigation | Potential student experiment

synthesis of biodiesel How does the vegetable oil from which biodiesel is
synthesised affect the enthalpy of combustion of the
biodiesel?

half-cells and the How does the concentration of the solutions in the half-

electrochemical series cells affect the voltage of the electrochemical cell?

preparing artificial fragrances How does the number of carbon atoms in an ester
and flavours molecule affect the boiling point of the ester?

The topics listed in Table 1.2.4 are only suggestions. Figure 1.2.2 shows how
you can modify an existing research question.



COMPLYING WITH SAFETY GUIDELINES

Everything we do involves some risk. A risk assessment is performed for a
controlled experiment to identify, assess and control hazards. Always identify the
risks and control them to keep everyone safe.
To identify risks, think about:
e the activity you will be carrying out
e the equipment or chemicals you will be using or producing. For example, when
hydrochloric acid reacts with sodium thiosulfate, the toxic gas sulfur dioxide,
SO, is produced, so this reaction must be conducted in a fume cupboard.
Figure 1.2.3 shows a flow chart of how to consider and assess the risks involved
in a practical investigation.

Occupational health and safety

Occupational health and safety refers to all the measures that employers need
to provide to ensure their employees are safe at work. Schools must also ensure
that equipment and processes used in school laboratories are safe for all students,
teachers and technical staff.

Chemical codes

The chemicals at school or at the hardware store have warning symbols on their
labels. These symbols are a chemical code indicating the nature of the contents
(Table 1.2.5). From 1 January 2017, the Globally Harmonized System of
Classification and Labelling of Chemicals (GHS) pictograms were introduced into
Australia. Some of the pictograms that you might see denote chemicals that are
corrosive, pose a health hazard or are flammable.

TABLE 1.2.5 GHS pictograms used as warning symbols on chemical labels

GHS GHS GHS
pictogram pictogram pictogram

Obtain safety data
sheets (SDS) for all
chemicals.

Consider safe work
practices for all
equipment.

Write a risk
assessment for the
investigation.

—]

FIGURE 1.2.3 Steps involved in identifying risks

Ethical and safety considerations
must be the highest priority at all times
during a practical investigation.

flammable oxidising explosion,

liquids, solids 6 liquids, solids blast or

and gases; and gases, projection

including self- may cause or hazard

heating and intensify fire

self-igniting

substances

corrosive gases under fatal or toxic

chemicals; pressure % if swallowed,

may cause inhaled or in

severe skin and contact with

eye damage skin

and may be

corrosive to

metals

low level hazardous chronic

toxicity; this % t9 aquatic health hazards;

includes life and the this includes
environment

respiratory,
skin and eye
irritation, skin
sensitisers and

aspiratory and
respiratory
hazards,
carcinogenicity,

chemicals mutagenicity
harmful if and
swallowed, reproductive
inhaled or in toxicity
contact with

skin
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Safety data sheets

Each chemical substance has an accompanying document called a safety data
sheet (SDS) (Figure 1.2.4). An SDS contains important safety and first aid
information about each chemical you commonly use in the laboratory. If the
products of a reaction are toxic to the environment, you must pour your waste
into a special container (not down the sink). This is something to discuss with your
teacher or the laboratory technician.

1. IDENTIFICATION OF THE MATERIAL AND SUPPLIER

Product identifier Supplier
Product Name HYDROCHLORIC ACID - 20% Ixom Operations Pty Ltd
OR GREATER ABN: 51 600 546 512
Product Code(s) 000031061101 Level 8, 1 Nicholson Street
. - Melbourne 3000
Other means of identification Australia

UN number 1789

Pure substance/mixture Mixture Telephone Number: +61 3 9906 3000

Recommended use of the chemical and restrictions onuse  Emergency telephone number

Recommended use Precursor for generation of
chlorine dioxide gas used in Emergency telephone number 1 800 033 111 (ALL HOURS)
water treatment.

Uses advised against No information available.

2. HAZARDS IDENTIFICATION

GHS Classification Precautionary Statements - Response
Classified as dangerous goods in accordance with the Specific treatment (see First aid on this SDS)
Australian Code for the Transport of Dangerous Goods by |F IN EYES: Rinse cautiously with water for several
Road and Rail (ADG). minutes. Remove contact lenses, if present and easy to
Classified as a hazardous chemical in accordance with do. Continue rinsing
the criteria of Safe Work Australia - Globally Harmonized Immediately call a POISON CENTER or doctor/physician
System (GHS). IF ON SKIN (or hair): Remove/Take off immediately all
Corrosive to metals Category 1 contaminated clothing. Rinse skin with water/shower
- — Wash contaminated clothing before reuse
Skin corrosion/irritation Category 1 Sub-category B L .
- — IF INHALED: Remove victim to fresh air and keep at rest
Serious eye damage/eye irritation | Category 1 in a position comfortable for breathing
Slfecific target organ toxicity Category 3 Call a POISON CENTER or doctor/physician if you feel unwell
(single exposure) IF SWALLOWED: Rinse mouth. DO NOT induce vomiting
IF SWALLOWED: Call a POISON CENTER or doctor/physician
SIGNAL WORD

D if you feel unwell
anger Absorb spillage to prevent material damage

Label elements )
- Precautionary Statements - Storage

Corrosion ) . . .
Exclamation mark Store in a well-ventilated place. Keep container tightly closed

Store locked up
Store in corrosive resistant container with a resistant
inner liner

CORROSIVE Precautionary Statements - Disposal

Dispose of contents/container in accordance with local,
regional, national, and international regulations as
Hazard statements applicable

H290 - May be corrosive to metals Other hazards which do not result in classification
H314 - Causes severe skin burns and eye damage .
H335 - May cause respiratory irritation Poisons Schedule (SUSMP) 6

Precautionary Statements - Prevention
Keep only in original container
Do not breathe fume, gas, mist, vapours, spray

Wash face, hands and any exposed skin thoroughly after
handling Use only outdoors or in a well-ventilated area

Wear protective gloves / protective clothing /
eye protection / face protection

FIGURE 1.2.4 Extract of a safety data sheet (SDS) for concentrated hydrochloric acid

Protective equipment

Everyone who works in a laboratory should wear items that help keep them safe.
This is called personal protective equipment (PPE) (Figure 1.2.5) and includes:

» safety glasses

e closed-toed shoes

o disposable gloves for handling chemicals

FIGURE 1.2.5 It is important to wear appropriate an apron or a lab coat if there is risk of damage to clothes

personal protective equipment as identified in a * a fume cupboard that should be used when toxic or corrosive gases are being
risk assessment. handled or produced.
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APPLYING ETHICAL PRINCIPLES

Ethics are a set of moral principles by which your actions can be judged as right or
wrong. Every society or group of people has its own principles or rules of conduct.
Applying ethical principles in chemistry means:

using integrity and honesty when recording and reporting the outcomes of your
investigation and when using other people’s data (such as in a literature review)
recognising the importance of social, economic and political values when
forming conclusions using scientific understanding (Section 1.1)

acknowledging the work of others by including in-text citations and details in a
list of references (Section 1.6).
This means you should always record your data in a bound logbook, rather than
scraps of paper, using the correct number of significant figures/decimal places for
the reported values (Section 1.3).

You should NEVER make up raw or processed data and you should record all
data that you gathered in the investigation, even if it is not used in later calculations.

Green chemistry

Green chemistry is an approach to chemistry that aims to design products and
processes that efficiently use renewable raw materials, and minimise hazardous
effects on human health and the environment. The goals of green chemistry are
described in 12 principles (summarised in Table 1.2.6).

Many of the 12 principles of green
chemistry can be employed or
considered by VCE Chemistry students.

TABLE 1.2.6 Some of the 12 principles of green chemistry that are most relevant to VCE Chemistry

Waste It is better to prevent waste than to treat it or clean it up after it has

prevention been produced.

Atom economy Chemical processes should be designed to maximise incorporation of
all reactant materials used in the process into the final product.

Less hazardous
chemical
syntheses

Designing safer
chemicals

Design

for energy
efficiency

Use of
renewable
feedstocks

Catalysis

Design for
degradation

Wherever practicable, synthetic methods should be designed to use
and generate substances that possess little or no toxicity to human
health and the environment.

Chemical products should be designed to achieve their intended
function while minimising toxicity.

Chemical processes should be designed for maximum energy
efficiency and with minimal negative environmental and economic
impacts.

Raw materials or feedstocks should be made from renewable (mainly
plant-based) materials, rather than from fossil fuels whenever practicable.

Catalysts should be selected to generate the same desired product(s)
with less waste and using less energy and reagents in chemical
reactions.

Chemical products should be designed so that at the end of their
use they break down into harmless degradation products and do not
persist in the environment.

Since they were developed in 1991, interest in applying the 12 principles of
green chemistry to chemical processes across the world has continued to increase.
Of these, several principles are particularly relevant to VCE Chemistry. The
replacement of a complex multi-step process for making an important cholesterol-
reducing medication with a much less complex process which produces less
hazardous waste (see the case study on the next page) is just one recent example of
how green chemistry is being applied to solving real-world problems. In the school
laboratory, we can apply the principles of green chemistry by using minimum
quantities of chemicals in experiments, thus reducing the quantity of product that
must be disposed of after the experiment is finished.

CHAPTER 1 | SCIENTIFIC INVESTIGATION 15
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CASE STUDY

Green chemistry: A greener way to make simvastatin

Heart attacks and stroke are among the major causes

of ill-health and premature death in Australia. One of

the leading risk factors for heart attacks and stroke is
high blood cholesterol which leads to fatty deposits in
arteries blocking blood flow to the heart, brain and other
parts of the body. The drug simvastatin is a prescription
medication consumed by millions of people worldwide to
help control their blood cholesterol levels.

Originally, simvastatin was produced in multiple steps
from a compound called lovastatin. Lovastatin is found
naturally in the mould, Aspergillus terreus, and also in oyster
mushrooms (Pleurotus ostreatus), shown in Figure 1.2.6.
The original synthetic pathway to produce simvastatin from
lovastatin involved between four and six individual steps. As

in a synthetic process, the greater the chance of wastage

i : i FIGURE 1.2.6 Oyster mushrooms contain the compound lovastatin,
you will see in Chapter 11, the more steps that are involved which is the precursor to simvastatin.

and production of unwanted biproducts. This original process was found to be much more efficient, leading to
synthetic pathway for making simvastatin was indeed a greater percentage yield, while also greatly reducing
wasteful and used large amounts of hazardous reagents. hazards during manufacturing and resulting in less toxic

In 2007 Professor Yi Tang and his colleagues from the
University of California, Los Angeles, designed a two-step
green chemistry pathway to synthesise simvastatin. This
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| SCIENTIFIC INVESTIGATION

waste. As a result, the improved process is more cost-
effective and has a higher atom economy compared to the
original pathways.

SOURCING INFORMATION

When you are sourcing information during your search of the literature, such as
when researching experimental methods or investigating a broader issue, consider
whether that information is from primary or secondary sources. You should also
consider the advantages and disadvantages of using resources such as books or
the internet.

Primary and secondary sources
Primary and secondary sources provide valuable information for research.
Primary sources of information are created by a person directly involved in
an investigation. Examples of primary sources are results from research and peer-
reviewed scientific articles. Peer-reviewed journal articles (articles that have been
reviewed by other experts in the field) are likely to be up to date and reliable. Examples
of secondary sources of information include textbooks, newspaper articles and
websites that present a synthesis, review or interpretation of primary sources.
All sources of information may have a bias (a focus on only one part or one
direction of the data or evidence) so you need to determine if they are reliable
sources of information. You will learn about assessing the quality of data in
Section 1.3.Table 1.2.7 compares characteristics and examples of primary sources
and secondary sources.



TABLE 1.2.7 Summary of primary and secondary sources

Primary sources

Secondary sources (i3

« first-hand records of
events or experiences
written at the time the
event happened
original documents

interpretations of primary
sources

written by people who did
not see or experience the
event

use information from
original documents but
rework it

® You will now be able to answer key question 7.

Using books and the internet

Peer-reviewed scientific journals are the best sources of information, but you are
unlikely to have access to many of these, and much of the information is difficult to
interpret if you are not an expert in the field.

results of experiments

scientific journal or magazine
articles

reports of scientific discoveries
photographs, specimens, maps
and artefacts

interviews with experts

websites (if they meet the criteria
above)

textbooks

biographies

newspaper articles
magazine articles

radio and television
documentaries

websites that interpret the
scientific work of others
podcasts

As books and internet searches will most likely be your most commonly
used resources for information, you should be aware of their advantages and
disadvantages ('Table 1.2.8).

TABLE 1.2.8 Advantages and disadvantages of book and internet resources

Book resources

Internet resources

Advantages .

Disadvantages .

written by experts
authoritative information
reviewed to ensure
information is accurate
logical, organised layout
content is relevant to the
topic

contain a table of contents
and index to help you find
relevant information

may not have been
published recently
usable by only a finite
number of people at a
time

quick and easy to access

allow access to hard-to-find
information

allow access to a vast amount
of information from around the
world

up-to-date information

may be interactive and

use animations to enhance
understanding

time-consuming looking for
relevant information

search engines may not display
the most useful sites

cannot always tell how up-to-date
information is

difficult to tell if information is
accurate

hard to tell who has responsibility
for authorship and if they are
biased

information may not be well
ordered

only a small proportion of sites
are educational

CHAPTER 1
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an investigation. Secondary sources of
information are a synthesis, review or
interpretation of primary sources.
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Because scientific journals are
peer-reviewed, this gives them more
credibility than other sources.
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CRITICALLY EVALUATING INFORMATION

Not all sources of information are credible. Critical thinking involves asking

questions when evaluating the content and its origin, including:

*  Who created this message? What are the qualifications, expertise, reputation,
and affiliation (who they work for or are associated with) of the author/s?

o Why was the information written?

e Where was the information published?

e When was the information published?

* How often has the information been referred to by other researchers?

e Are the conclusions supported by data or evidence?

e What is implied?

¢ What has been omitted?

Peer review

Peer review is a process in which other researchers who work in the same field
review your work and provide feedback about your methodology and whether your
conclusions are justified. Scientists are expected to publish their findings in peer-
reviewed journals. Some examples of peer-reviewed chemistry journals are:

o Australian Fournal of Chemistry

o Journal of the American Chemical Society

e Nature Chemistry

o Chemical Reviews

o Green Chemistry

Evaluating books and journals

Your textbook is an excellent starting point for reliable information. Information
that you find elsewhere should be consistent with the information in your textbook.
Articles published in newspapers and magazines often present findings of new
research, which may or may not be confirmed later, so be careful not to treat such
sources of information as established fact. Peer-reviewed journal articles are likely
to be up to date and reliable.

Evaluating websites

Remember that anyone can publish anything on the internet, so it is important to
evaluate the credibility, currency and content of online information. To evaluate
online information, follow this checklist.

U Credibility—consider who the author is, their qualifications and expertise.
Check for their contact information and for a trusted abbreviation in the web
address, such as .gov or .edu. Websites using .com may have a bias towards
selling a product (although this product could be a reputable science magazine
or journal), and .org sites might have a bias towards one point of view (although
these sites can be a good starting point for general information).

U Currency—check the date the information you are using was last revised.

U Content—consider whether the information presented is fact or opinion. Check
for properly referenced sources, and compare information to other reputable
sources, including books and science journals.

Recognising evidence compared to opinion and anecdote

An important aspect of the scientific method is to make conclusions based on data
and evidence.

Data that is authoritative has been published by a credible source—for example,
VCAA’s VCE Chemustry Data Book.

Data should be objective (free of personal bias) and may be used as evidence,
whereas opinion and anecdote are subjective (influenced by personal views).
An anecdote is a story that might not be typical or representative of a pattern.
Table 1.2.9 compares evidence versus opinion and anecdote.



TABLE 1.2.9 Comparison of evidence versus opinion and anecdote

Data and evidence Opinion and anecdote

objective subjective

measured, unbiased, replicable, systematic,  personal, individual story, non-systematic,

representative not necessarily representative or part of a
pattern

example: Scientific consensus among the example: Today is a cold day, therefore

majority of experts is that greenhouse global warming is not true.

gases are contributing to climate change.
® You will now be able to answer key question 2.

Identifying information that is not scientifically valid

Beware of publications or sources of information that are presented as science but

that are not scientifically valid. Non-scientific ideas and writing can be identified by:

e alack of data or evidence

e bias—only part of the data or evidence is considered (usually the data supporting
the claim)

e poorly collected data or evidence; for example, basing data or evidence on a
group that is too small or not representative of the whole

e invalid conclusions (that is, not supported by evidence)
e lack of objectivity—appealing to emotion rather than presenting facts and
evidence impartially.

CHAPTER 1 | SCIENTIFIC INVESTIGATION 19



20

1.2 Review

» The first step in planning an investigation is to
identify the topic.

* A research question is a statement that broadly
defines what is being investigated.

* A hypothesis:

- is a statement that can be tested and is based on
previous knowledge and evidence or observations,
and addresses the research question

- often takes the form of a proposed relationship
between two or more variables in a cause-and-effect
relationship

- must be testable; that is, able to be supported

(verified) or not supported (falsified) by investigation.

e The aim of an investigation is a statement
describing in detail what will be investigated.

» The scientific investigation methodology and
method/s depend on the aim of the investigation
and the research question.

» The three types of variables are:

- independent—the variable that is selected and
manipulated by the researcher

- dependent—a variable that may change in
response to a change in the independent variable
and is measured or observed

- controlled variables—variables that are kept
constant during the investigation because they
may affect the dependent variable.

KEY QUESTIONS

Knowledge and understanding

1 Distinguish between the terms ‘independent variable’,
‘dependent variable’ and ‘controlled variables’.

2 Explain what is meant by the terms ‘objective’ and

‘subjective’.

3 Identify each of the following statements as either a
theory, a hypothesis or an observation.

a Adding more hydrochloric acid caused a colour
change from blue to yellow.

b Le Chatelier’s principle states that when a change
is made to a system at equilibrium, the system will
adjust itself to partially oppose the change.

¢ If the concentration of the reactant, hydrochloric
acid, is increased, the rate of the reaction with Mg
ribbon will increase due to an increased frequency
of collisions.

CHAPTER 1 | SCIENTIFIC INVESTIGATION

Ethical and safety considerations must be the

highest priority at all times during a practical

investigation.

Many of the 12 principles of green chemistry can

be employed or considered by VCE Chemistry

students

Primary sources of information are created by

a person directly involved in an investigation.

Secondary sources of information are a synthesis,

review or interpretation of primary sources.

Use critical thinking to evaluate sources of

information by asking questions such as:

- Who created this message?

- Why was the information written?

- When was the information published?

- Are the conclusions supported by data or
evidence?

- What is implied?

- What has been omitted?

Write a hypothesis for each of the following scenarios:

a A student wondered whether the surface area of
liver would affect the rate of reaction when liver
is used as a catalyst for the decomposition of
hydrogen peroxide.

b A student wanted to know if the temperature of
half-cell solutions affected the current moving
through a Zn(s)/Zn?*(aq)//Cu?(aq)/Cu(s) galvanic
cell.

¢ Enzymes in washing powder are denatured in water
at 50°C.



Analysis

5

A student conducted a controlled experiment to

investigate whether increasing the temperature of

the acid would increase the initial rate of the reaction

between hydrochloric acid and marble chips.

For each of the following aspects of the investigation,

indicate the type of variable described and explain

your choice.

a mass lost by the system (flask, including contents)
after the first 30 seconds of reaction.

b concentration of hydrochloric acid, size of marble
chips

¢ temperature of hydrochloric acid (20°C, 30°C,
40°C)

A pair of students developed the hypothesis: As

the concentration of a copper(ll) sulfate solution

increases, there will be an increase in the mass of

copper metal deposited at the negative electrode

during electrolysis using graphite electrodes.

a Write a research question for this investigation.

b Identify the independent variable.

¢ ldentify the dependent variable.

d Suggest possible controlled variables.

State whether each of the following is a primary or a

secondary source of information.

a a newspaper article about using green chemistry to
synthesise simvastatin

b experiments with calculations of atom economy of
two different pathways to synthesise simvastatin

¢ an interview with a research pharmacist regarding
the use of simvastatin

d ajournal article written by the researchers of an
alternative pathway to synthesise simvastatin
published in a peer-reviewed journal

A student has the following research question: How

does the temperature of the electrolyte affect the

charge flowing in a copper-plating electrolytic cell?

a State the independent variable.

b State the dependent variable.

¢ Describe the equipment that could be used in a
laboratory to monitor the independent variable and
to measure the dependent variable.

CHAPTER 1 | SCIENTIFIC INVESTIGATION
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Record any difficulties you encounter
in the investigation and any changes
that you make to the method as a
result of the difficulties.
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1.3 Data collection and quality

In this section you will learn about data collection in a controlled experiment. You
will learn how to record both quantitative and qualitative data. You will also learn
about the various factors that contribute to data quality, and the importance of
controlled experiments in producing valid results.

KEEPING A LOGBOOK

Throughout Units 3 and 4, and particularly during your practical investigation for
Unit 4 Area of Study 3, you must keep a logbook. This is generally thought of as a
bound book that includes every detail of your research (Figure 1.3.1 on the following
page). The reason for keeping a logbook, rather than recording information on
random pieces of paper, is primarily to stay organised and to prevent loss of details.
The best place for your logbook to be kept is in the laboratory, so that it is always
accessible when you are doing your experimental research. Keeping track of all
observations, qualitative and quantitative raw data, modifications to the method
and your plans to analyse the data will ensure that you don’t forget what you did or
spend extra time repeating work because you have lost your results.

The following checklist will help you remember what to include in your logbook:
U your ideas when planning the research
U tables ready for raw qualitative and quantitative data entry
U notes about what data you will collect and how you intend to analyse it (refer to

Section 1.4 page 34 for further details)
O records of all materials, methods, details of the experiment and raw data
U all notes, sketches, photographs and results
U records of any incidents or errors that may influence the results.

Make sure to date all entries in your logbook. Figure 1.3.1 shows a sample page
of a student logbook.

Determining the method

The method for a controlled scientific experiment must consider how the
independent variable will be changed, how the dependent variable will be measured
and determine the controlled variables that will not change. Any decisions to repeat
measurements and change to the next variation (e.g. a different concentration) of
the independent variable should be included in the method.

Ensure that you have outlined a detailed step-by-step method that other people
could follow if they were to replicate your experiment. Sometimes a diagram of
your equipment set-up is a valuable addition to your method.

Modifying the method

The method may need modifying as the investigation is carried out. If this is
the case:

e record everything

* note any difficulties you encountered and the ways they were overcome.

If the expected data is not obtained, don’t worry. Every test carried out can
contribute to the understanding of the investigation as a whole, no matter how
much of a disaster it may appear at first. Do your best to critically evaluate the
data and identify the limitations of the investigation. Based on this information you
should be able to propose further investigations.



Research question - How does the concentration of the electrolyte in the Daniell cell affect the voltage achieved by

that cell?

Construct a Daniell cell

R voltmeter a

() <, A\ e
Nz

anode ~ J_\ salt bridge KL* cathode

(oxidation) (reduction)
N |z | N9y | |

|
Zn$O4J Euso4 :

Zn(s) - Zn?*(aq) + 2e”  Cu?*(aq) + 2e” —~ Cu(s)

Independent variable - concentration of ZnSO,4 and concentration of CuSO,

Dependent variable - voltage

Controlled variables - anode and cathode, wires, volume of solutions, temperature of solutions, concentration of

( \ KNO; for salt bridge, thickness and size of salt bridge

Concentrations to use:

ZnSO, - solubility in water at 20°C = 57.7 g/100 g (Wikipedia) = 3.57 M

CuS04-5H,0 - solubility in water at 20°C = 1.26 M (Wikipedia) *** Not very soluble - use low concentrations

Materials: - start with 0.5 M solutions of ZnSO,4and CuSO,4 and dilute (80 mL per beaker)

Dilutions - use ¢;V; = ¢V, to calculate e.g. 0.5 x V; = 0.4 x 80, V; = 64 mL (round to 65 mL and recalculate concentration)

Concentration (M) Volume of 0.5 M Volume of water (mL)
ZnS0O, or CuSO, (mL)
0.50 80 0
0.41 65 15
0.31 50 30
; 0.22 35 45

U 0.13 20 60
Results
Concentration of Trial Voltage (V) Average voltage (V)

ZnS0,4 or CuSO, (M)

1

2

8

FIGURE 1.3.1 Sample page from a student logbook showing development of ideas in planning a

practical investigation

FIGURE 1.3.1 Sample page from a student loghook showing development of ideas in planning a
practical investigation

CHAPTER 1 | SCIENTIFIC INVESTIGATION 23



24

CASE STUDY

Antoine and Marie-Anne Lavoisier

The French scientist Antoine Lavoisier (1743-94) is
remembered for his experimental work on the chemical
reactivity of oxygen and he is credited with the law of
conservation of mass: in a chemical reaction, matter can
neither be created nor destroyed. In his experiments,
Lavoisier sought evidence that his theory about the
conservation of mass was correct, but he had difficulty
proving that it was universally valid. With such a broad
hypothesis, it is, perhaps, no surprise that it was difficult to
collect enough evidence to unequivocally prove it.

Lavoisier's methods were based on experimental work.
He collected and weighed the substances involved in his
reactions, and used expensive apparatus that was built to
his own designs. It is fortunate that he was independently
wealthy so that he could support his work financially.

Lavoisier married Marie-Anne Paulze (1758-1826) when
she was only 13. Marie-Anne was well educated and she
played a major role in Lavoisier’s work. She translated
the work of English scientists such as Richard Kirwan,
Joseph Priestley and Henry Cavendish into French for her
husband, who did not speak English. Access to this work
on the theory of phlogiston, a fire-like material which was
thought to be gained or lost during combustion, enabled
Antoine to investigate the ideas using his experimental
techniques. He not only showed that phlogiston theory
was incorrect, but most importantly, he discovered that it
was oxygen gas that enabled combustion.

FIGURE 1.3.2 Antoine and Marie-Anne Lavoisier working together in
the laboratory, with Marie-Anne keeping notes in their logbook

Marie-Anne was also Antoine’s laboratory assistant.
She wrote details of his work in his laboratory logbook,
keeping meticulous records of the procedures he used,
thus lending validity to the findings published by Lavoisier.
With her superior skills in drawing, Marie-Anne was able
to sketch diagrams of his experimental designs, drawing
the equipment accurately and precisely. Thirteen of her
drawings featured in his 1789 publication of the Elementary
Treatise on Chemistry, which is considered to be pivotal in
the progression of chemistry as a field of study.

Many of Lavoisier’s notebooks, which had been saved
by Marie-Anne, can still be seen in a collection at Cornell
University, New York, USA.

DATA COLLECTION

Before you begin your experiment, you should construct data collection tables in
your logbook so that you can fill in the data as you conduct the experiment.

Record all raw and processed data in
tables in your logbook. Photographs of
observations are also useful.

Raw data is the data you measure
or observe during the course of the
investigation. Processed data is data
obtained by applying a calculation or
formula to raw data.

The measurements or observations that you collect during your investigation are
your primary data. This primary data is also known as raw data. When you start
to do calculations with that raw data, such as calculating an average, then the data
is known as processed data. Processed data is raw data that has been organised,
altered or analysed to produce meaningful information (Section 1.4, page 34).

Raw and processed data
The data you record in your logbook during the investigation is raw data. This data

often needs to be processed or analysed before it can be presented.
Raw data that should be recorded includes:

e all quantitative data (measurements)

* all qualitative observations and other notes.

The raw data may be presented in the form of:

e tables of results

e diagrams and/or photographs of results

» graphs from datalogging equipment.
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Processed data may include:
e graphs generated from raw data
e calculations in which raw data is used to determine other quantities
e graphs of processed data showing trends in that data.

Qualitative and quantitative data

Qualitative data can be observed and relates to a type or category, such as colour,

or state (such as solid, liquid, gas or aqueous).

Measured numeric values are quantitative data. Quantitative data should be
accompanied by a relevant unit such as mass (g) or time (s). Numeric data can be
discrete or continuous:

* Discrete data are values that can be counted or measured, but which can only
have certain values. An example is the number of chemistry students in a class
or the number of hydrogen atoms in a molecule of water.

* Continuous data may be any number value within a given range that can be
measured. Examples are time, temperature, mass, pH and concentration.
Determining whether a solution is acidic or basic can be qualitative or

quantitative. Figure 1.3.3 shows qualitative and quantitative tests for acidity.

Litmus paper gives a qualitative observation indicating the nature of the solution

(Figure 1.3.3a), whereas a calibrated pH probe or pH meter gives a quantitative

measurement indicating the nature of the solution (Figure 1.3.3b).

Recording qualitative raw data

Examples of qualitative data that might be observed in an investigation, such as the
one being performed in Figure 1.3.4 are:

e disappearance of a substance

e appearance of a solid (precipitate)

e production of a gas

FIGURE 1.3.3 (a) Litmus paper can be used to
» colour change (e.g. from colourless to purple) indicate the acidity of a solution qualitatively.

» temperature change (e.g. increase or decrease without using a thermometer). (b) A pH probe measures pH quantitatively.

When recording qualitative data, focus on the observation. For example, a
gas may be produced at the cathode during electrolysis of an aqueous solution.
However, you cannot assume that the gas is hydrogen unless you have confirmed
this; for example, by collecting the gas and performing the ‘pop’ test.

Recording quantitative raw data

Have your logbook ready, with prepared data collection tables, before you begin
your experiment. Accurately record the correct number of significant figures and
decimal places for measurements. For example, burettes should be read to two
decimal places. Mass measurements should be recorded to the number of decimal
places shown on the electronic balance; for example, 2.034 g.

Presenting raw data in tables

Tables organise data into rows and columns, and they vary in complexity according
to the nature of your data. Tables can be used to organise raw data and processed
data, and to summarise results. Results from all trials should be listed in tables of
raw data. FIGURE 1.3.4 Qualitative observations include

the production of a gas at an anode or cathode
during electrolysis.
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The table is numbered
and its title accurately
describes what is

in the table.

Independent variable is in _|
the left-hand column.

Figure 1.3.5 shows an example of how to present quantitative raw data in a
table. Note that the table has the following features:

* adescriptive title

e column headings (including the unit)
e the independent variables (distance between the electrodes) placed in the left

column

* the dependent variable(s) placed in the right column(s).

Table 1 The time taken for black cross to disappear in reaction between 0.25 M sodium
thiosulfate solution and 2 M hydrochloric acid when the temperature is varied

—

All headings include
units and accurately
describe the data set
that is in the column.

All raw data in the
same column is
quoted to the same
accuracy.

T

Initial temperature Trial Time taken for the
of Na,S,03 cross to disappear (s)
solution (°C) —_— |
1 125.0
15.0 2 130.0
3 127.0
1 60.0
30.0 2 55.0
3 59.0
1 40.0
45.0 2 48.0
3 38.0
1 25.0
60.0 2 22.0
3 24.0

FIGURE 1.3.5 Features of a good raw data table

N\

Each row shows a different trial; in this
case 3 replicates for each temperature.

Raw data from which
the dependent
variable can be
calculated is in the
right-hand column.

® You will now be able to answer key question 7.

Units

Each column in a table of quantitative data should include relevant units. Commonly,
these will be SI (International System of Units) units. Examples of commonly used
units are shown in Table 1.3.1.

TABLE 1.3.1 Examples of units for various quantities

Quantity m S| unit symbol

kg (but chemists usually work in g)

mass
time
temperature

electric current

amount of substance

volume
charge

energy

| SCIENTIFIC INVESTIGATION

kilogram
second
kelvin
ampere
mole
litre
coulomb

joule

S



DATA QUALITY

The results of your data analysis will only be as good as the quality of the data. You
should consider this when collecting primary data in your investigations, and also
when you evaluate the quality of secondary data from other sources.

Accuracy and precision

If repeated measurements of the same quantity give values that are in close
agreement, the measurement is said to be precise. To obtain precise results you
must minimise random errors. A set of precise measurements will have values very
close to the mean value of the measurements.

If the average of a set of measurements of a quantity is very close to the
true value, the value that would be obtained under perfect conditions, then the
measurement is said to be accurate. To obtain accurate results you must minimise
systematic errors. Precision, how close two or more measurements are to each
other, gives no indication of how close the measurements are to the true value and
is therefore a separate consideration to accuracy. Figure 1.3.6 shows the difference
between accuracy and precision.

precision

If you hit the area around
the bullseye each time but
don't always hit the bullseye,
you are accurate, but not
precise.

accuracy

ow

If you hit a different part
of the target every time
you shoot, you are neither
accurate nor precise.

FIGURE 1.3.6 An example of a target illustrates the difference between accuracy and precision.

If the true value is known, then the difference between the true value and a
measured value is called the measurement error. In many cases, because the true
value is unknown, the measurement error will also be unknown.

® You will now be able to answer key question 5.

CHAPTER 1

If you hit the bullseye every
time you shoot, you are both
accurate and precise.

If you hit the same area of
the target every time but not
the bullseye, you are precise
but not accurate.
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Significant figures

When reporting measurements in raw data tables, you should report a measurement
that is as accurate as possible within the limitations of the equipment being used.
In doing so, you will be correctly stating the number of significant figures for
the measurement. The significant figures indicate the precision of the instrument
used and indicate a range within which the value can be considered to exist. For
example, a measurement of 56.0 g has 3 significant figures and indicates that
the value is somewhere between 55.95 g and 56.04 g, whereas a measurement of
56 g, which has 2 significant figures, indicates that the value is somewhere between
55.5gand 56.4 g.

When giving an answer to a calculation, it is important to take care with the
number of significant figures that you use. An answer cannot be more precise than
the data or the measuring device used to calculate it. For example, if an electronic
balance that measures to the nearest 0.01 g shows that an object has a mass of
1.17 g, then the mass should be recorded exactly as 1.17 g (not as 1.170 g). The
number 56 has 2 significant figures, because it is assumed that the decimal point
occurs at the end of the number. Recording to 3 significant figures (e.g. 56.0 g or
55.8 g) would not be scientifically ethical (Section 1.2, page 15). If this mass of
56 g is used to calculate another value, it would also not be ethical to give an answer
that has more than 2 significant figures. Similarly, it is not correct to cut off decimal
places if the equipment is more precise than you require.

Working out the number of significant figures

When counting significant figures, the following rules apply.

e All non-zero digits count as significant figures.

e Zeros may or may not be significant, depending on whether they are part of
the measured value (zeros after the last non-zero digit) or are simply used to
position a decimal point (zeros before the first non-zero digit).

e Whole numbers written without a decimal point will have the same number of
significant figures as the number of digits, with the assumption that the decimal
point occurs at the end of the number, for example 500 has 3 significant figures.
Therefore, a stated volume of 500 mIL.’ will be considered as having 3 significant
figures.

» Significant figures are only applied to measurements and calculations involving
measurements (Section 1.4). They do not apply to quantities that are inherently
integers or fractions (e.g. a stoichiometric ratio such as 2 or '5), defined quantities
(e.g. 1 metre equals 100 centimetres), or conversion factors (multiplying by 100
to get a percentage or adding 273 to convert °C to K). For example, the accuracy
of a temperature reading of 12°C cannot be increased from 2 significant figures
to 3 significant figures by converting to kelvin (285 K).

® You will now be able to answer key question 1.

Types of errors

Most practical investigations have errors associated with them. The main errors
that you will encounter are described below.

Systematic errors

A systematic error produces a constant bias in a measurement that cannot be

eliminated by repeating the measurement. Systematic errors that affect a practical

investigation could include:

* apH meter that has not been calibrated, so it is consistently recording pH values
that are greater than they should be

e an unsuitable indicator being used in a titration

* heatbeinglost to the surroundings due to lack of insulation during an experiment
in which the temperature is being measured



e a person reading the scale on a measuring cylinder or burette with a constant
parallax error. In this case, the parallax error occurs in reading a volume
where the meniscus, the curved surface of the liquid, is not at eye level. This is
shown in Figure 1.3.7.

Parallax error can also occur with analogue (non-digital) meters, such as
voltmeters and ammeters, and any instrument in which a line or needle has to be
compared to a fixed scale.

Whatever the cause, the resulting error is in the same direction for every
measurement and the average will either be too high or too low as a result. Repeating
an experiment will not remove systematic error.

Random errors

Random errors follow no regular pattern. The measurement is sometimes too
large and sometimes too small. Random errors in a practical investigation could
include:

e error in estimating the second decimal place in the volume read from a burette
e temperature variation within a solution that has not been mixed consistently

e error in estimating the colour of an indicator.

The effects of random errors can be reduced by taking multiple measurements
of the same quantity, then calculating a mean, or average. For example, when
you repeat an experiment to find out how much solid is produced in three separate
trials, the three masses of the solid should be added together and divided by three.
In this case, the mean of the three masses could be known as the measurement
result, just as a single (not repeated) result could be known as a measurement
result.

Another way to reduce random error is to refine a measurement technique by
repeating it until you are more skilled in the technique.

Mistakes

Mistakes or personal errors are avoidable errors. Mistakes made during a practical
investigation could include:
e misreading the numbers on a scale
e not labelling a sample adequately
e spilling a portion of a sample.

A measurement that involves a mistake must be repeated if possible, or rejected
and not included in any calculations. Care in carrying out the experiment will
prevent the majority of mistakes occurring.

® You will now be able to answer key question 6.

Repeatability

Repeatability refers to the consistency of the results when the experiment is
repeated many times. Maintain your investigation’s repeatability by ensuring there
is sufficient replication of the experiment. In general, you should repeat each
experiment at least three times (i.e. perform three trials). Three is not a magic
number, and if you can do more trials, your results should become more precise, in
part because you are becoming more familiar with the method and therefore better
at carrying it out.

Reproducibility

Reproducibility is the closeness of the agreement between measurements
of the same quantity, carried out under changed conditions of measurements.
Reproducibility links closely to validity (described below). Data is reproducible if
similar results are obtained by different operators in different laboratories, repeating
an experimental procedure and obtaining similar results. A benefit of analysing
the reproducibility of data is to help identify possible systematic errors that would
affect the accuracy of the experiment.

FIGURE 1.3.7 Itis important to read the bottom
of the meniscus of a solution in a burette at eye
level to avoid parallax error.
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The glass used to make
laboratory glassware

The glass that we use in school
laboratories is not the same type of
glass used for bottles and jars. It is
borosilicate glass. Like all types of
glass, it is a mixture of several different
compounds; in this case, silica, Si0,,
boron oxide, B,0,, sodium oxide, Na,0,
and aluminium oxide, ALQ,. It was
developed for use in laboratories by
Otto Schott, a glass-maker working in
Germany in the late 1800s.

In comparison to the sodium-based
glass used for windows, borosilicate
glass is notable for its high tolerance
to heat and substantial resistance

to sudden changes in temperature.
It is also tolerant to a wide range of
chemicals, even strong acids and
alkalis. The notable exception to this
is hydrofluoric acid, HF, which reacts
with glass and must be stored in plastic
containers.

Glassware that is used in the laboratory is
made of borosilicate glass.
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Resolution

Various types of equipment can be used to measure quantitative data. For example,
time could be measured using a stopwatch, phone or using a clock. Resolution
is the smallest change in the measured quantity that causes a perceptible change
in the value shown by the measuring instrument and this has implications for the
number of decimal places that should be quoted.

Resolution is determined differently for analogue and digital instruments. For
example, if the resolution of a burette is 0.05 mL., then measurement readings of
10.50 mL or 10.55 mL are possible, but not a measurement reading of 10.53 mL..
The meniscus of the liquid will either be on the burette line marking, in which case
the reading would be 10.50 mL., or it will lie between 10.50 and 10.60, in which
case it is measured as 10.55 mL.

Digital measuring equipment has a resolution to the last decimal place. For
example, an electronic balance that measures to 0.001 g would have a resolution
of 0.001 g.

If we compare analogue and digital devices, the resolution of an analogue clock
might be 1 s, the resolution of a stopwatch might be 0.01 s, and the resolution
of a phone app might be 0.001 s. Unfortunately, the reaction time of a human is
commonly considered to be 0.2 s, so the apparent accuracy of the phone app is
limited by the human who is recording the time.

Validity
Validity refers to whether an experiment or investigation is testing the set hypothesis
and aims.

To ensure an investigation is valid, it should be designed so that only one
variable is being changed at a time. The other variables must remain constant, so
that meaningful conclusions can be drawn about the effect of each variable.

® You will now be able to answer key questions 2, 3, 4 and 8.

TECHNIQUES FOR IMPROVING DATA QUALITY

Designing the method carefully, including the selection and use of equipment, will
help reduce random and systematic errors. Once you have chosen the appropriate
equipment, you may need to calibrate the equipment to increase the accuracy of
your measurements. To increase precision with the same instrument, use a larger
sample size.

Calibration

Calibration is the process of adjusting an instrument using a reference or standard.
Some equipment, such as pH probes, need calibrating before use; for example, to
check that a pH probe is giving a true reading of pH 4.0. By using calibrated
equipment, you can be more certain that your measured values are accurate. In
colorimetry a calibration curve is constructed showing the relationship between
the concentration of known standards and absorbance.

Equipment

To minimise errors, check the precision of the equipment that you intend to use.
Pipettes, burettes and volumetric flasks have greater precision than measuring
cylinders for measuring volumes of liquids. However, you must still use all
equipment correctly to reduce error.

Sample size

In general, the larger the sample (e.g. the mass of starting material that you are using),
the more precise the measured values will be. While wasteful experiments are contrary
to the principles of green chemistry, your results will be more precise if you use 5 g
of starting material rather than 0.5 g, given that you are likely to be using the same
electronic balance to determine mass in both cases. Even though any error in the
balance will be the same, the percentage error will be smaller for the larger mass.



TECHNIQUES TO SUPPORT YOUR PRACTICAL
INVESTIGATION

A variety of techniques can be used for conducting practical investigations. The
choice of equipment is important to minimise error, to ensure your measurements are
accurate and your results are reproducible and reliable, and to minimise uncertainty
(the range of values between which a measurement may fall). Techniques that you
might use when conducting practical investigations are outlined in Table 1.3.2.

TABLE 1.3.2 Techniques that might be appropriate for a practical investigation

Dependent variable Example application

titration to calculate volume of solution determining
the unknown (titre) concentration of
concentration of a reagents in redox
solution reactions
data logging to collect data over change in pH, determination of
a defined period of temperature, temperature or pH
time conductivity, colour, to see if a change is
carbon dioxide occurring
concentration,
pressure, time
calorimetry to determine the temperature change determining

electrochemistry

Data logging

energy being
released or absorbed
by a chemical
reaction

to measure the
voltage or current of
a particular galvanic
or fuel cell

of a known volume of
water in a calibrated
calorimeter, or a
simple calorimeter

voltage or current

the enthalpy of
combustion of
fuels or food, or the
enthalpy of reaction
for other reactions

compare the
voltage of a galvanic
cell when the
concentration of the
electrolyte is varied

In recent times, the ability to connect independent sensors to devices such as a
computer, tablet or phone (Figure 1.3.8) has enabled simple and highly effective
electronic data acquisition (data logging) in schools. The software will generally
graph and allow advanced calculations directly without the need for an additional
program. Some probes can enable data collection to occur over an extended period
of time. Examples include pH probes, temperature probes, carbon dioxide or
oxygen concentration probes, conductivity probes, colorimeters and automatic
mass balance equipment. Data logging plays an important role in improving data
collection in a range of investigations.

. 9

[

8.2%

FIGURE 1.3.8 Data acquisition software produces real-time graphs that can be downloaded
or printed.
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1.3 Review

» Record all information objectively in your logbook,
including your data and method of investigation.

+ The method is a step-by-step record of what you
did in the experiment, written in such a way that
another person can reproduce the experiment.

+ Data may be in one of a number of forms:

- Raw data is the data you collect in your logbook.

- Processed data is raw data that has been
mathematically analysed.

- Qualitative data is observed and relates to a type
or category, such as colour.

- Quantitative data consists of measured numeric
values and includes units.

- Discrete data consists of values that can be
counted or measured, but which can only have
certain values.

- Continuous data may be any number value within
a given range that can be measured.

» The quality of data relies on a number of factors:

- Validity refers to whether your results measure
what the investigation set out to measure.

KEY QUESTIONS

Knowledge and understanding

1

32

For each of the following masses, state the number of

significant figures.

a 200¢g

b 0.0410¢g

c 20450¢

d 0.00035¢

Fill in the gaps in the following sentences using the

terms:

repeatability; reproducibility; resolution; accuracy;
precision; true value; validity

a is how close a measurement is to the
, Whereas is how closely a
set of measurements agree with each other.
b refers to whether your results
measure what the investigation set out to measure.
c is the consistency of your results

when they are repeated many times as trials under
the exact same set of experimental conditions,
whereas is the ability for another
experimenter to obtain the same results if they
replicate your experiment.

CHAPTER 1 | SCIENTIFIC INVESTIGATION

- Repeatability is the consistency of your results
when they are repeated many times as trials
under the exact same set of experimental
conditions.

- Reproducibility is the ability to obtain the same
results if an experiment is replicated.

- Accuracy is how close a measurement is to the
true value.

- Precision is how closely a set of measurements
agree with each other.

- Resolution is the smallest change in the measured
quantity that causes a perceptible change in the
value shown by the measuring instrument.

Errors in data may be classified as systematic or

random

- Systematic errors result in errors in the same
direction for every measurement—either too high
or too low.

- Random errors follow no regular pattern.

Mistakes or personal errors are avoidable and
should not be included in further analysis of results.

d is the smallest change in the
measured quantity that causes a perceptible
change in the value shown by the measuring
instrument.

A pair of students conducted an experiment as part of

their Units 3 and 4 Chemistry studies. The experiment

was repeated three times, and all values were

reported in the results section of their report.

Which of the following aspects of the data quality will

not be improved by repeating an experiment?

A random error

B reproducibility

C precision

D resolution

State the correct term or terms (accurate,

reproducible, precise or valid) that describes an

experiment with each of the following conditions.

a The experiment addresses the hypothesis and aim.

b The experiment is repeated and consistent results
are obtained.

¢ Appropriate equipment is chosen for the
measurements required.



Analysis 7 Consider the following table of raw data for an
experiment in which the heat of combustion of
ethanol is determined. List three mistakes that you
can identify in the table and describe how they could
be corrected.

5 Two students submitted their tables of raw data for
the same titration experiment of the same sample
of diluted ethanoic acid with the same solution of
0.105 M sodium hydroxide, using the same indicator.
From calculations based on her own careful analysis, Volume |Initial Final Initial Final
their teacher expected that the titrations would have of water [temper- |temper- | mass of | mass of
an average volume of 19.50 mL. The students’ tables incan | ature of |ature of |ethanol |ethanol
of data are shown below. (Gu2) Ll LI a".d. a".d.

spirit spirit

Student A: burner |burner

(®

1 200 mL | 15.00 45.0 250.50 | 250.50

Trial 1 ‘ Trial 2 ‘ Trial 3 ‘ Average

Final volume 19.25 38.80 19.75

(mL) 2 | 200mL | 140 30 243.35 | 241.20
znit:)al volume 000 | 1925 0.05 3 |200mL | 14551| 950 | 241.50 | 239.00
m
Volume of 19.25 19.55 19.70 19.50 8 Which of the following methods is repeatable and
titre (mL) reproducible? Justify your response, critiquing the less
B correct method.
Student B: Method A
Trial 1 ‘ Trial 2 ‘ Trial 3 ‘ Average 1 Measure 25 mL of 0.10 M nitric acid into a solution
calorimeter.

Final volume 19.55 38.95 19.55 o )
(mL) 2 Measure the temperature of the nitric acid and

record the result. E
3 Measure the temperature of 25 mL of 0.10 M :
potassium hydroxide solution and record the result. |
When the temperature is stable, add the potassium |

Initial volume 0.05 19.55 0.10

(mL)

Volume of 19.50 19.40 19.45 19.45 4
titre (mL) hydroxide solution to the nitric acid, place the lid
Discuss the two sets of results in terms of their on the calorimeter and stir.
accuracy and their precision. 5 Record the temperature of the mixture every
6 Classify the following as systematic or random errors 10 seconds for 3 minutes.
Method B

and propose how to minimise the limitation.
1 Pour some nitric acid into a beaker.

2 Place a thermometer into the beaker.
3 When the temperature is stable, add some

finding it difficult to potassium hydroxide solution and stir.
finish at the same colour
in successive titres
during a titration

Error Type of Suggested

error improvement

4 Record the final temperature of the mixture.

using a stopwatch while
chatting with your
partner and not quite
concentrating on the
reaction being timed

reading the initial
volume of a burette from
below the level of the
meniscus

loss of heat to
environment during a
combustion calorimetry
experiment
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1.4 Data analysis and presentation

In Section 1.3 you learnt about different types of data and the factors that affect
data quality. In this section, you will learn how to process and analyse your data and
present analysed data in graphs.

PROCESSING DATA

Whenever you process data, it is important to show the formula you used and a
sample calculation. Even if you don’t include all of the information in your report
or scientific poster, everything should be recorded in your logbook.

In an experiment to investigate Faraday’s first law you might have measured
the initial and final masses of the cathode which was used in the electrolysis of
copper(Il) sulfate using different currents. You can then process this data further.

For example,

change in mass = final mass — initial mass

The mean change in mass is found by adding all the changes in mass for a
particular current and dividing the sum by the number of trials.

(change in mass, +change in mass, + change in mass,)
3
When summarising processed data in a table, record the independent variable

in the left-hand column and the dependent variable(s) in the column(s) that follow.
The processed or calculated values should be recorded in the final column.

mean change in mass =

InTable 1.4.1, the data in the final two columns is processed data (the change in
mass and the mean change in mass).

TABLE 1.4.1 Summary results table indicating the increase in mass of the cathode when varying the
current during the electrolysis of copper(ll) sulfate

Current (A) Trial number Change in mass (g) | Mean change in
mass (g)

0.125 0.128
2 0.122
3 0.138

0.40 1 0.220 0.224
2 0.230
3 0.223

0.60 1 0.384 0.380
2 0.380
3 0.375

0.80 1 0.512 0.520
2 0.520
3 0.528



Transforming decimal notation into scientific notation

Scientists use scientific notation to express very large and very small numbers.
For example, instead of writing 0.000 003 5, scientists would write 3.5 x 107°,
A number in scientific notation (also called standard form or power of ten

notation) is written as a X 10", where:

e gais a number equal to or greater than 1 and less than 10: thatis, 1 < a <10

e n,the index (plural indices), is an integer (a positive or negative whole number)
and is the power to which 10 is raised.

Two examples of how to transform decimal notation into scientific notation are

shown in Worked example 1.4.1.

Worked example 1.4.1

TRANSFORMING DECIMAL NOTATION INTO SCIENTIFIC NOTATION

Transform each of the following numbers into scientific notation:

a 6243
b 0.000325

Thinking

Working

a Place a decimal point after the first
non-zero digit, so that the original
number is written as a decimal number
greater than 1 but less than 10.

6243 becomes 6.243.

Determine the index number by
counting the number of places the
decimal point needs to be moved and
noting the direction.

6243,
(VYV}

The decimal is moved 3 places to
the left.

Multiply the decimal humber by the
appropriate power of 10, as determined
by counting in the step above.

If the decimal point was moved to the
left, the index will be a positive number.

If the decimal point was moved to
the right, the index will be a negative
number.

The decimal was moved 3 places
to the left, so the index number will
be 3.

6.243 x 103

b Place a decimal point after the first
non-zero digit, so that the original
number is written as a decimal number
greater than 1 but less than 10.

0.000325 becomes 3.25.

Determine the index number by
counting the number of places the
decimal point needs to be moved and
noting the direction.

0.000325
WA

The decimal is moved 4 places to
the right.

Multiply the decimal number by the
appropriate power of 10, as determined
by counting in the step above.

If the decimal point was moved to the
left, the index will be a positive number.

If the decimal point was moved to
the right, the index will be a negative
number.

The decimal was moved 4 places to
the right, so the index number will
be 4.

3.25 x 10+

o When large numbers are written
in scientific notation, the 10 has
a positive index. When very small
numbers are written in scientific
notation, the 10 has a negative index.
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0 o |f you are multiplying or dividing,
use the smallest number of
significant figures provided in the
initial values.

e |f you are adding or subtracting,
use the smallest number of decimal
places provided in the initial values.

CHAPTER 1 | SCIENTIFIC INVESTIGATION

Worked example: Try yourself 1.4.1
TRANSFORMING DECIMAL NOTATION INTO SCIENTIFIC NOTATION

Transform each of the following numbers into scientific notation:
a 96500
b 0.0000625

® You will now be able to answer key question 1.

Managing significant figures in calculations

The number of significant figures to which an answer should be quoted depends on

what kind of calculation you are doing.

» If you are multiplying or dividing, use the smallest number of significant figures
provided in the initial values.

o If you are adding or subtracting, use the smallest number of decimal places

provided in the initial values, e.g. 12.78 + 10.0 = 22.78 = 22.8.

When you are processing data using your scientific calculator, you do not
have to report every decimal place stated on the calculator just because it is there.
For example, if the least accurate piece of data in your calculation involving
multiplication or division is to 3 significant figures, then the calculated result should
likewise be reported to 3 significant figures, even if the calculator gives you 6 or
more significant figures. However, if you are undertaking a calculation with several
steps, keep the more accurate value with extra decimal places in your calculator and
don’t round your answer off before the calculation is complete.

The use of scientific notation will help you express a final answer to the correct
number of significant figures.
The number 2500, in scientific notation, would be written as:

e 2.5x10° (2 significant figures)
e 2.50 x 10° (3 significant figures)
e 2.500 x 103 (4 significant figures)

depending on the actual data used to calculate this value.

Note that the significant figures in a molar mass should not limit the significant
figures in an answer. The molar mass is not experimental data and, in the VCE
Chemistry course, all relative atomic masses are quoted to one decimal place. So,
unless you are working with very small elements, such as hydrogen and helium,
relative atomic masses will have at least 3 significant figures.

Only the final calculated result should be reported to the appropriate number of
significant figures, as shown in Worked example 1.4.2.



Worked example 1.4.2

PRESENTING CALCULATIONS TO THE CORRECT NUMBER OF

SIGNIFICANT FIGURES

Calculate the enthalpy of combustion for ethanol, given that the temperature of 150.42 g of water increased
from 12.0°C to 43.52°C when the mass of the spirit burner in which the ethanol was burning decreased from
200.500 g to 199.788 g. (Remember that the specific heat capacity of water =4.18 J g! °C-1.)

Thinking

Working

Record all data, taking note of the significant
figures.

Remember when subtracting numbers, the
answer should have no more decimal places
than the value with the smallest number of
decimal places.

mass (water) = 150.42 g (5 sig figs)

temperature change (water) =43.52 - 12.0=31.5

(to 1 decimal place and 3 sig figs)

specific heat capacity (water) = 4.18 J g °C-! (3 sig figs)

mass change (ethanol)

= initial mass of spirit burner — final mass of spirit burner

=200.500 - 199.788 = 0.712 g (3 sig figs)

Calculate the energy transferred, g, using the | g = mcAT
equation g = mcAT. =150.42 x 4.18 x 31.5
If the energy value is large, convert to kJ by - 198058 J
dividing by 1000. ~ 19.8058 kJ
Do not round off this answer and keep all '
figures in the calculator for the next step.
Calculate the amount, in mol, of ethanol that m
. ' ' n(C,H,OH) = —
was burned usingn=—. M
M 0712

Note that the significant figures in the molar "~ 460
mass should not limit your significant figures =0.015478 mol
in the answer.
Do not round off this answer and keep all
figures in the calculator for the next step.
Calculate the enthalpy of combustion for aH=94
ethanol using the equation AH = q n

n _19.805

0.015478
=1280 kJ mol™

Round the calculated answer to the lowest
number of significant figures (3 significant
figures in the temperature), using scientific
notation if necessary and use correct sign to
indicate enthalpy change.

AH (ethanol) = -1.28 x 10° kJ mol

Worked example: Try yourself 1.4.2

PRESENTING CALCULATIONS TO THE CORRECT NUMBER OF

SIGNIFICANT FIGURES

Calculate the enthalpy of combustion for methanol, given that the temperature
of 200.445 g of water increased from 15.0°C to 50°C when the mass of the
spirit burner in which the methanol was burning, decreased from 183.450 g to
182.157 g. (Remember that the specific heat capacity of water =4.18 J g1 °C1)

® You will now be able to answer key questions 2 and 3.
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If you are multiplying or dividing,
use the smallest number of
significant figures provided in the
initial values.

If you are adding or subtracting,
use the smallest number of decimal
places provided in the initial values.
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The independent variable should
always be plotted along the horizontal
axis and the dependent variable on the
vertical axis of a graph.
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DATA ANALYSIS

In the discussion section of your scientific investigation report, the findings of your
investigation need to be analysed and interpreted. The following factors should be
considered and discussed.

*  Whether a pattern, trend or relationship was observed between the independent
and dependent variables.

*  What kind of pattern it was and under what conditions it was observed.
e Whether there were data points that did not match the trend (outliers).
*  How did the values you were monitoring change over the course of the experiment?

*  How did your results compare to the theoretical results, or those recorded in
literature sources?

Graphs

It is easier to observe trends and patterns in data in graphical form than in tabular
form. An example of a line graph is shown in Figure 1.4.1.

Calibration curve: Corn oil component that

appeared in olive oil
25
(4,23)

20

3,17.6
154 ( )

0- (2,11.6)

Peak area (mm?2)

(1,5.8)

0,0
0 ()I T T T

0 1 2 3 4 5
Concentration of corn oil component (%)

FIGURE 1.4.1 A graph is a good way to observe trends and patterns in data.

General rules to follow when presenting a line graph include the following.

* Use a descriptive title.

* Represent the independent variable on the horizontal axis and the dependent
variable on the vertical axis.

* Clearly label the axes with both the variable and the unit in which they are
measured.

* Choose a scale on the axes that will be appropriate for the data and that is
consistent.

o Ifvalues between plotted points need to be read, then the values between marked
points on the scale should be as easy to read as possible. For example, mark the
scale off in multiples of 2 or 5, rather than 3 or 4.

o If there is a data point at (0,0), then the line of best fit can go through the origin.
Otherwise draw the line of best fit only through the data points on the graph.

Types of graphs

A scatter graph, such as Figure 1.4.1, is used when two variables are being
considered and one variable is dependent on the other. The independent variable
is plotted along the horizontal axis and the dependent variable is plotted along the
vertical axis. When an appropriate line of best fit is fitted to the data points, the
graph should show the relationship between the two variables. When the line of best
fit is drawn on the scatter graph, it becomes a line graph.



Column graphs, also called bar graphs (Figure 1.4.2), also clearly illustrate  Proportion of gases in atmospheric air
relationships between variables, but are most appropriate for discrete rather than
continuous data (Section 1.3, page 25), whereas pie charts illustrate percentages

nitrogen (N,),
effectively (Figure 1.4.3).

78%

Heat of combustion for a range of corn chips made
with different oils

minute traces of neon (Ne),
helium (He), methane (CH)),
krypton (Kr), hydrogen (HZ),
xenon (Xe) and ozone (O,)

carbon dioxide (CO,), 0.04%
2 water vapour
(H,0), 0.4%
1 L argon (Ar), 1%
FIGURE 1.4.3 A pie graph is useful for
0 representing proportional data; e.g. the

Olive Rice bran  Coconut Sunflower  Canola chemical composition of air.
Oil used in corn chip

Heat of combustion (k) g1
(98]

FIGURE 1.4.2 A column graph can be used to compare discrete data. This graph shows how the heat
of combustion varied when corn chips made with different oils were burnt.

Trend lines in graphs

Line graphs are drawn to show the relationship, or trend, between two variables.

e Variables that change in direct proportion to each other produce a straight trend
line, as shown in Figure 1.4.4.This is described as a linear trend or relationship.

y

X

FIGURE 1.4.4 Trend line for variables that change in direct response to each other

e Variables that change non-linearly in proportion to each other may produce a
curved trend line, as shown in Figure 1.4.5.This graph reflects an exponential
relationship; that is, as x increases, y increases non-linearly. This would
correspond to the equation y = a*, where a is a positive number other than 1.

y

/
e

T

X

FIGURE 1.4.5 Variables that change in response to each other in a non-linear way
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X
FIGURE 1.4.7 When two variables show no
relationship, there is no trend in the graph.
(a)
y

X
(b)
y

[ ]
X

FIGURE 1.4.8 Scatter graphs showing
(a) straight and (b) curved trend lines
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*  When there is an inverse relationship, one variable increases as the other
variable decreases (Figure 1.4.6).

(a) (b)
y y

X X

FIGURE 1.4.6 An inverse relationship in which one variable decreases as the other variable increases.
The relationship may be (a) direct or (b) exponential.

e When there is no relationship between two variables, one variable will not
change even if the other changes. A graph in which there is no relationship can
be seen in Figure 1.4.7.

Scatter graphs and lines of best fit

Scatter graphs are commonly used to display data and can be used to plot raw or
processed data. They are used to show the relationship between two variables when
one variable is dependent on the other.

The independent variable, which is set by the experimenter, is usually shown
on the horizontal axis. The dependent variable, which is the variable measured in
the experiment, is shown on the vertical axis. The data is plotted on the graph as a
series of points.

In a scatter graph, a trend line is then fitted to the data (Figure 1.4.8).The trend
line might be a straight line of best fit or a curved line. It is used to show the overall
trend in the data and can be used to predict values between the data points. A line of
best fit usually does not pass through every data point. Its position can be estimated
by eye (ensuring an equal number of data points are above and below the line when
drawn). Alternatively, mathematical graphing programs can be used to accurately
determine the line of best fit.

Outliers

Sometimes when you collect data there may be points or observations that differ
significantly from other data points and do not fit the trend observed in the data.
These are referred to as outliers. An outlier is often caused by a mistake made when
data was measured or recorded. To work with your results ethically, any outliers in
your data must be further analysed and explained, rather than being automatically
dismissed. Repeating trials may be useful in further examining an outlier—for
example, to determine whether the outlier is the result of a mistake.

A common experiment in which outliers are often observed is a titration. When
using a burette with a resolution of 0.05 mL, students are taught to aim for three
concordant titres in their results. These are most commonly defined as titres
which have a range of no more than 0.10 mL, that is, the difference between the
largest and smallest of the titres is no more than 0.10 mL. Any titre with a value
beyond that range is regarded as an outlier and is not used in the calculation of the
mean titre. You will learn about titrations in Chapter 13.



The graph shown in Figure 1.4.9 is a calibration curve for determining the
concentration of phosphate in a water sample. The data point that does not fit the
trend of the other data points is an outlier. A mistake may have occurred when
preparing that particular phosphate standard solution. In this case, you should
show the data point, but do not use this point when drawing a line of best fit.

Calibration curve: Absorbance of phosphate
0.20+
0.18

0.16

line of best fit
0.14—

0.12 outlier

0.10—

Absorbance

0.08

0.06—

0.04

0.02

04 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Concentration of phosphate (mg L)

FIGURE 1.4.9 A calibration curve with an outlier that has not been included in the line of best fit

® You will now be able to answer key questions 4, 5, 6 and 8.

Comparing your data to other values

While you may have taken care in your observations and recording your data, and
you have every confidence in your efforts to be precise, you cannot claim your
results are accurate unless you compare them to literature or accepted values.
A literature value is one which has been found in published scientific reports, such
as journals, or reliable websites, such as those of universities. Accepted values
include values that are obtained from published sources and they also include those
that you may calculate using a correctly balanced equation for the reaction and
stoichiometry.

If you wish to discuss how your results changed over the duration of the
experiment, then a calculation of the percentage change might be appropriate. To
make a comparison between your results and the accepted or theoretical value,
a percentage difference is calculated and can form part of your discussion.

Percentage difference

Often you might have a theoretical value to compare to your experimental value.
Percentage difference is very useful for showing how accurate your experimental
result is.

(experimental value — theoretical value) 100

percentage difference = -
theoretical value

CHAPTER 1 | SCIENTIFIC INVESTIGATION
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An example of how to calculate and express percentage difference is shown in
Worked example 1.4.3.

Worked example 1.4.3
CALCULATING PERCENTAGE DIFFERENCE

A student electrolysed a solution of copper(ll) sulfate using a current of 0.95 A for 10.0 minutes. The initial mass of
the cathode was 0.712 g, and the final mass of the cathode was 0.879 g. Using Faraday’s laws, the theoretical mass
gain of the cathode was calculated to be 0.188 g.

Calculate the percentage difference between the mass gain of the cathode predicted by Faraday’s laws and the
mass gain obtained in the experiment.

Thinking Working
Calculate the mass gain from the experimental results. Mass gain = final mass — initial mass
=0.879-0.712
=0.167 g
Identify the two masses which are to be compared, noting which The theoretical mass gain of the cathode,
one is larger. 0.188 g is larger than the experimental mass

gain of the cathode, 0.167 g.

Substitute the masses into the formula: . g B (0.167—0.188) 100
. (experimental value — theoretical value) percentage difierence = 0.188 %
percentage difference = - x100
theoretical value _-0.021 <100
- 0188
Ensure that significant figures are correct. The answer should be expressed to

2 significant figures, due to the subtraction
in the third step.

=-11%
State percentage difference, using the sign (+ or -) to help you The experimental value is 11% less than the
compare the experimental and theoretical values clearly. theoretical mass gain of the cathode.

Worked example: Try yourself 1.4.3
CALCULATING PERCENTAGE DIFFERENCE

A student electrolysed a solution of copper(ll) sulfate using a current of 1.05 A
for 10.0 minutes. The initial mass of the anode was 0.820 g, and the final mass
of the anode was 0.626 g. Using Faraday’s laws, the theoretical mass loss of the
anode was calculated to be 0.207 g.

Calculate the percentage difference between the mass loss of the anode
predicted by Faraday’s laws and the mass loss obtained in the experiment.

(experimental value — theoretical value)
theoretical value

o percentage difference = x100

® You will now be able to answer key question 7.

CHAPTER 1 | SCIENTIFIC INVESTIGATION



Percentage change

Percentage change can be a useful measure of the difference between the initial and
final values. The percentage change is calculated using the following mathematical
formula:

final value — initial val
percentage change = (fina V? ue initial value) x100
initial value
An example of how to calculate and express percentage change is shown in
Worked example 1.4.4.

Worked example 1.4.4
CALCULATING PERCENTAGE CHANGE

A student was monitoring the mass loss due to production of CO, during the reaction:
CaCO,(s) + 2HCI(ag) — CaCl,(aq) + H,0(l) + COL(g)
The initial mass of the hydrochloric acid and marble chips (CaCO,) was 43.45 g and the mass

after 120 seconds was 36.90 g. Calculate the percentage change in mass to the correct number
of significant figures.

Thinking Working
Identify the two masses, noting whether there has The initial mass, 43.45 g, is larger than
been an increase or decrease in mass. the final mass, 36.90 g, so the mass has
decreased.
Substitute the masses into the formula: (36.90— 43_45)
(final value —initial value) percentage change = 4345 *x100

percentage change = — x100

initial value -6.55 100

= X
43.45

Ensure that significant figures are correct. The answer should be expressed

to 3 significant figures, due to the
subtraction in the first step.

=-15.1%
State percentage change, using the sign (+ or -) There has been a 15.1% decrease in the
and your initial observation of mass change, to mass.

guide you as you indicate in words whether there
has been an increase or a decrease.

Worked example: Try yourself 1.4.4
CALCULATING PERCENTAGE CHANGE

A student was monitoring the mass loss due to production of O, during the
reaction:

2H,0,(aq) — 2H,0() + 0,(g)
The initial mass of the hydrogen peroxide was 25.10 g and the mass after

180 seconds was 23.05 g. Calculate the percentage change in mass to the
correct number of significant figures.

(final value —initial value)

= x 100
initial value

0 percentage change =
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1.4 Review

+ The mean is the average of a set of quantitative data.

+ When performing calculations using raw data, it is
important to correctly state the number of significant
figures.

- When adding or subtracting, the final result should
be reported to the least number of decimal places.

- When multiplying or dividing, the final result
should be reported to the least number of
significant figures.

+ Tables allow the presentation of summarised
calculations, whereas graphs allow trends to be
shown more clearly.

» Graphs can be described according to their trend—
for example, proportional, linear or inverse.

* Some important rules to remember for graphs
include:

- The independent variable is usually plotted along
the x-axis and the dependent variable on the y-axis.

- Line graphs are useful for presenting continuous
quantitative data.

- Scatter graphs are useful when showing
quantitative data where one variable is dependent
on another variable. A line of best fit should be
included.

- Outliers should be reported and considered, but
are not usually included in drawing a line of best
fit.

- Bar graphs are useful for comparing discrete data.

- Pie diagrams are useful for showing proportional
data.

Percentage difference can be used as a measure of

the difference between an experimental value and

the published value.

Percentage change can be used to describe the

change in the value of a measurement during an

experiment compared to the initial value.

KEY QUESTIONS

Knowledge and understanding
1 Write each of the following values in scientific notation

3 During an electrolysis experiment, a student
accidentally measured the mass of a copper cathode

44

using the appropriate number of significant figures.
a 0.00205

b 96500

¢ 1004

d 0.00043

A student carried out the calculations to find
the expected mass deposited at the cathode
during the electrolysis of copper(ll) sulfate.
The equation for these calculations was

1 0.950x%(15x60)
m(Cu) = > X ~ 96500 x 63.5.
Which of the options below shows the result of this
calculations to the correct number of significant
figures?
A 0.2813
B 0.281
C 0.28
D 03
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before and after the electrolysis on different electronic
balances. The initial mass of the copper cathode was
2.550 g. The final mass of the copper cathode was
3.15¢g.

Which of the following is the mass of the copper that
was deposited on the cathode in this experiment,
given to the correct number of significant figures?

A 0.6000 g

B 0.600 g

C 060¢g

D O6g

Explain the meaning of the term ‘trend’ when
considering your results for a scientific investigation
and list the types of trends that might be illustrated
by a graph of results.



Analysis

5

A titration was carried out by a student during a

research investigation. These titres were recorded

as follows: 15.40 mL, 15.18 mL, 15.24 mL, and

15.26 mL.

a ldentify all concordant titres.

b Identify all outliers.

¢ Use the concordant titres from part b to calculate
the average (mean) concordant titre in mL.

Which graph from the following list would be best to

use with each set of data listed here?
pie graph; scatter graph (with line of best fit);

column graph; line graph

a The concentration of iron in a range of green leafy
vegetables such as silver beet, kale and broccoli

b The volume of gas produced at 10 second intervals
when hydrochloric acid reacts with magnesium
metal

¢ The concentration of vitamin C in a set of samples
of orange juice that have been heated to a range of
temperatures.

A student used electrolysis to calculate an
experimental value for Faraday’s constant and hence
for Avogadro’s constant. The student’s experimental
value for Avogadro’s constant was 5.13 x 10%.

The published value for Avogadro’s constant is

6.02 x 102, Use this to calculate the percentage
difference in the experimental value compared to the
published value.

Describe four ways in which the following graph,
showing the change in mass of a rates experiment
over a period of time, measured in minutes, should be
improved.

Rate of reaction
12
11

10

Mass change
o
|
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The method should be evaluated to
identify its strengths and weaknesses
and to consider validity, precision,

accuracy and

@)

reproducibility.

measuring —

cylinder
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1.5 Evaluation and conclusion

In this section, you will learn how to evaluate the method that you used in your
investigation and draw evidence-based conclusions in relation to your hypothesis
and research question. When you consider the accuracy of your results, ideally by
comparing them to the literature or accepted value, you should find a focus for your
evaluation of the method.

EVALUATING THE METHOD

It is important to evaluate the method used in the controlled experiment to
determine whether it was completely appropriate for your experiment. You may
have designed your method with all good intentions, but now your results are not
as you expected.

Consider the following:

e What were the sources of systematic errors?

e What were the sources of random errors?

* Was the method valid?

e Was the experiment repeated?

*  Was the data precise?

e Would a larger sample or further variations in the independent variable lead to

a stronger conclusion?
¢ What could be done next time to improve the method?

For example, when measuring the volume of gas produced when calcium
carbonate (marble chips) reacted with hydrochloric acid in a rates experiment, the
following gas collection system was used, which involved the displacement of water
(Figure 1.5.1a).

The method was valid—it aimed to measure the volume of carbon dioxide gas
produced. However, the method was not accurate. Some of the carbon dioxide gas
would dissolve in the water, so the volume of carbon dioxide measured would be
less than the true value. This would be a systematic error. This method could be
improved by measuring the mass loss (due to production and escape of carbon
dioxide) on an electronic balance (Figure 1.5.1b).

S - (b)

e carbon dioxide

o)
N 'd
5 dilute hydrochloric acid
and calcium carbonate
dilute .
e )L
cnhloric (o) .
acid \ \ N electronic balance
calcium )

carbonate
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FIGURE 1.5.1 Different methods of carbon dioxide gas collection: (a) using displacement of water
and (b) using an electronic balance. Using an electronic balance to directly measure mass of carbon
dioxide produced is usually considered to be more accurate.




IDENTIFYING ERRORS

Most practical investigations have errors associated with them. Errors can be
classified as either systematic errors or random errors, with mistakes being
considered quite separately. An important part of evaluating your method is to
consider errors which may have occurred because of the method you have chosen
and have impacted on your results. Systematic and random errors were discussed
in Section 1.3 (pages 28-29), as were mistakes and outliers (page 40). Systematic
errors will cause your results to be consistently greater than or less than the accepted
value, so these should be identified in your method when your results consistently
do not match the accepted value. Random errors may not be as easy to identify,
but they will contribute to less precision in your results and may be evident when
not enough trials have been conducted, or you are not experienced in using the
equipment.

What to do about errors

As you consider your results and how they differ from what you predicted in your
hypothesis, one of the most important steps is to suggest what could be done to
overcome errors. Random errors can be minimised by repeating trials and averaging
the results. Systematic errors can often be avoided by taking care with the use of
equipment, but not always. Mistakes must not be used as valid results.

Your qualitative observations often hold the key to a systematic error. For
example, when a hydrocarbon is burning, a yellow, sooty flame suggests that
incomplete combustion is occurring. You can use the information gained from such
an observation to identify issues with the method.

When you are analysing your data, be sure to acknowledge contradictions in the
data. Rather than ignoring results that don’t fit your hypothesis, look for the reasons
which explain why these results occurred by working carefully through the method.

Sometimes your experimental findings will lead you to formulate new research
questions and develop new hypotheses. These can be listed as ways in which the
investigation can be extended in the future.

Improving the method

For each methodological issue that you identify, you should suggest a way in
which the method could be improved to prevent that issue. While these issues
will be particular to any investigation, Table 1.5.1 shows a selection of issues and
improvements possible for an investigation with the research question, ‘How does
the carbon chain length of an alcohol affect the heat of combustion of the alcohol?’.

Systematic errors are often caused

by a problem with part of the method.
Random errors affect the precision of
the results and may be due to a lack of
experience.

When evaluating the method, make
sure that for every weakness you
identify, you have suggested a way to
improve the method.

TABLE 1.5.1 Methodological weaknesses and suggestions for improvement of a controlled experiment to determine the heat of combustion of alcohols

Methodological How this may have influenced the results Suggestion for improvement
weakness

The simple calorimeter ~ Once the water in the can was raised above room

Making a lid for the can using one or more

was not insulated and
did not have a lid.

The alcohol continued
to evaporate from the
wick after the flame
had been blown out.

The three spirit
burners had wicks that
were different lengths.

temperature, heat may have been lost to the surroundings
through the metal can and from the surface of the water. As
a result, the calculated heat of combustion would be smaller
than it should be. This would be a systematic uncertainty.

The mass loss of alcohol during the experiment would
be greater than was correct, which would decrease the
calculated heat of combustion.

The longer wicks would result in larger flames, which could
transfer heat with different efficiencies to the can. With more
efficient heat transfer, the water would heat up more quickly
and less heat loss would occur because the experiment

was finished more quickly. The different wick lengths would
introduce a random uncertainty to the experiment.

® You will now be able to answer key question 4.

layers of aluminium foil and loosely covering the
sides of the can with the foil will provide non-
flammable insulation.

Snuff the flame using a metallic snuffer/

cap rather than blowing out the flame, and
remember to weigh the spirit burner with the
snuffer before and after each trial.

Measure and record the length of the wick before
starting to burn the alcohol in each trial, and try to
match that length for subsequent trials.
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0 A conclusion is a summary of your
investigation. It should reflect your
aim, results, the validity of the results
and whether your hypothesis was

supported.

DRAWING EVIDENCE-BASED CONCLUSIONS

A conclusion is a summary of your investigation. It should be possible for a reader
to read your conclusion and understand what you did in the investigation, what
results you found and how valid the results were. A good conclusion links the
collected evidence to your aim and your hypothesis. It uses your results as evidence
to provide a justified and relevant response to your research question.

An example of how a conclusion would compare to the aim of the experiment
is shown in Table 1.5.2.

TABLE 1.5.2 Writing a conclusion for the energy from different fuels experiment

Part of the report Example of what might be written

Aim:

Conclusion:

48

To measure and compare the heat of combustion of three
different alcohols, methanol, ethanol and propan-1-ol, using a
spirit burner and a simple calorimeter.

Restatement of the aim: Instead of starting with ‘to’ the Three different alcohols, methanol, ethanol and propan-1-ol,

aim is now rearranged to be in the past tense. It serves as were burnt in a spirit burner and the thermal energy released
an introduction to the conclusion. was calculated using the change in temperature of the water

in the calorimeter. These values were then used to calculate
the heat of combustion.

Statement of your results: These ideally should be the The heat of combustion of the three alcohols was calculated
mean of multiple trials’ values and should include results from the average of three trials for each alcohol and was found
of all parts of the experiment. Sometimes this will be quite  to be 550 kJ mol-* for methanol, 1020 kJ mol-! for ethanol and
lengthy and you will have to try hard to keep it concise. 1650 kJ mol! for propan-1-ol.

A comparison of your results to the accepted value or These three values were considerably lower than the

your hypothesis: Some quantitative evaluation of how well literature values of 726 kJ mol- for methanol, 1360 kJ mol-!
your results compared to the accepted value is useful, and  for ethanol (VCE Chemistry Data Book) and 2021 kJ mol-!
this is where a percentage difference may be useful. for propan-1-ol (NIST Chemistry webbook). The percentage

differences for these values were 24.2%, 25.0% and 18.49%,
respectively.

A brief suggestion of what may have caused the results to It is likely that these experimental values are low because
be different to what was expected heat energy was lost to the surroundings during the

CHAPTER 1
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experiment due to lack of insulation on the simple
calorimeter, and the lack of a lid.

Language required for conclusions

You will find a full discussion of the language used in a scientific report in
Section 1.6, but students often find that the conclusion poses a challenge for them
in terms of the style of language required.

Traditionally, the conclusion is written in the past tense and in the third person.
This means that you should write the conclusion as though someone else did the
work. For example, the sentence ‘I found that the heat of combustion of ethanol was
less than it should be’ should be written as “The heat of combustion of ethanol was
less than was expected’. The conclusion can be easily be introduced by changing the
aim into the past tense and writing it in the third person.

® You will now be able to answer key questions 1, 2, 3 and 5.



1.5 Review

The method should be evaluated to identify its
strengths and weaknesses and to consider validity,
precision, accuracy and reproducibility.

An evaluation of the method should:

- consider the effects of random and systematic
errors

- identify issues that may have affected validity,
accuracy and precision, repeatability and
reproducibility

- make recommendations for improving the
investigation method.

decomposition, with catalyst Y being the second
most effective and Z the least effective. This data
supports the hypothesis.

D Catalysts increase the rate of reaction. Catalysts X,
Y and Z all increased the rate of reaction.

For the research question in Question 1, which of the
following would be a suitable link to chemical theory
to explain the results?

A Catalyst X was most effective in lowering the
activation energy of decomposition of hydrogen
peroxide to oxygen gas and water vapour.

B According the collision theory, catalyst X was a
reactant, so when there was more catalyst X, the
concentration of reactants increased.

C According to Le Chatelier’s principle, catalysts
increase the rate of the forward reaction, so this
is why the hydrogen peroxide decomposed more
quickly.

D Catalyst X was most effective because it increased
the energy of the collisions between hydrogen
peroxide molecules.

* A conclusion should:

be introduced by referring to the research
question or aim

quote the results of the investigation

indicate whether the hypothesis was supported or
refuted.

suggest what may have caused the investigation to
differ from the expected value.

3 For each of the following aims, construct an

introductory sentence for a conclusion which is in the
Knowledge and understanding third person and the past tense.
1 Which of the following options is a suitable conclusion a To investigate the effect of concentration changes
for the research question: How does the type of on an aqueous equilibrium between Fe** ions, SCN-
catalyst affect the rate of decomposition of hydrogen ions and FeSCN?* ions.
peroxide solution? b To measure the rate of reaction between calcium
A | completed the experiment and the results were as carbonate and hydrochloric acid and investigate
| expected. The different catalysts did affect the rate the effect of particle size and concentration on the
of decomposition. rate.

B Some catalysts made the hydrogen peroxide ¢ To calibrate a calorimeter by measuring the
decompose faster than other catalysts. increase in temperature that results from a

C A 6% m/v hydrogen peroxide solution was measured input of electrical energy.
decomposed at 22°C by three different catalysts, Analysis
X, Y and Z. Catalyst X resulted in a greater rate of 4 Consider the diagram below, which shows the method

that is used to determine the rate of the reaction
between hydrochloric acid and pieces of marble
(calcium carbonate).

M

(T ’
I - i Y

Carbon dioxide collects in the syringe.

Volume and time since the start
of the reaction can be recorded
and graphed.

hydrochloric acid solution

marble

a List two systematic or random errors which could
affect the results for this experiment. Identify
whether the error is systematic or random as part
of your answer.

continued over page
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1.5 Review continued

b Use the table below to evaluate the method
using your errors listed in part a as the listed
methodological weaknesses.

Methodological

How this may
have influenced
the results

Suggestion for

weakness improvement

A scientist designed and completed an experiment to

test the following hypothesis:

‘Decreasing the distance between copper electrodes

will increase the current that flows through a copper-

plating electrolytic cell and will result in an increase in
the mass of copper metal deposited at the cathode’

a Write a possible aim for this scientist’s experiment.

b State the independent, dependent and controlled
variables in this investigation.

i independent
ii dependent
iii controlled

¢ What type of quantitative data would be collected
in this investigation?

d Assuming that the scientist’s hypothesis
was correct, write a short conclusion for this
investigation. Without actual results, this cannot be
a full conclusion.

e Considering this research question and other
electrolysis experiments that you may have
encountered, suggest two weaknesses in the
method for this investigation and how you
might improve the method to overcome these
weaknesses.

A pair of students had developed the following
research question for an investigation: ‘How does
the concentration of the copper(ll) sulfate electrolyte
affect the mass of copper deposited on the cathode
when electrolysis is carried out using a power pack
set on 6 volts for 10 minutes per trial?’

The students listed their variables as follows:

¢ Independent variable—concentration of copper(ll)
sulfate (0.1 M, 0.2 M, 0.4 M, 0.5 M, 0.8 M)

¢ Dependent variable—increase in mass of cathode

e Controlled variables—voltage set on power pack,
volume of copper(ll) sulfate solution, time for
which each trial was carried out (10 minutes), size
of the copper electrodes (2 cm X 8 cm) used for
each trial.

To speed up the process the students decided to

use two power packs, two beakers (student A used a

250 mL beaker and student B used a 100 mL beaker)

and four copper electrodes. Each student carried

out one electrolysis experiment with each of the five

variations of the independent variable.

During the electrolysis, the electrodes were clipped

to the inside of the beaker using an alligator clip and

the two wires lead directly to the power pack. The

electrodes were submerged in the electrolyte to a

depth of 4 cm.

After the electrolysis was finished, both students air-

dried their cathodes before weighing them.

a The students wanted to determine their percentage
yield to see how accurate their experiment was.
Explain why this was not possible.

b Evaluate the method used by the students, finding
three problems with their method.

¢ Using your answer to part b as a guide, suggest
three improvements that these students could
make to their method to reduce the random and
systematic errors in their experiment.

50
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1.6 Reporting investigations

Now that you have thoroughly researched your topic, formulated a research
question and hypothesis, conducted experiments and collected data, it is time to
bring it all together. The final part of an investigation involves summarising the
findings in an objective, clear and concise manner for your audience.

Scientists report their findings in a number of ways, including in written peer-
reviewed journal articles, on web pages, and with short oral presentations or
scientific posters (Figures 1.6.1 and 1.6.2).

\

FIGURE 1.6.1 Posters at a scientific conference

How is the mass of copper deposited at the cathode in an electrolytic cell affected by the
concentration of the electrolyte?

Results

Introduction
Table 1 Summary table of results

Average mass gai
(e)

Electrolytic cells involve the conversion of electrical energy from a power supply to chemical
energy through a non-spontaneous redox reaction. At the anode, the strongest reducing
agent is oxidised preferentially; at the cathode, the strongest oxidising agent is preferentially
reduced (Derry et al., 2023). Using the half equations in the electrochemical series (VCAA

Percentage
difference (%)

Concentration of
electrolyte (M)

Chemistry Data Book 2023), it is predicted that copper will be formed at the cathode and 10 0.174 117

Cu?* jons will be formed at the anode during the electrolysis of CuSO,(aq) using copper

electrodes. 0.50 0.114 42.1
0.25 0.075 619

Aim: To determine how increasing the concentration of the electrolyte effects the mass of 010 0.035 222

copper deposited at the cathode during the electrolysis of CuSO,(aq) using copper ) . B

electrodes.

Communication statement

As the concentration of a
CuSO, solution decreases
during electrolysis, the
conductivity of the solution
decreases and the mass of
copper deposited at the

cathode decreases. W a1 62 a3 a0 05 @ a7 os a0 |

Cumewmtaman o Cadd fasg) vl L 1)

Hypothesis: An electrolytic cell with an electrolyte of a higher concentration will result in a
greater mass of copper deposited at the cathode in a given time because the higher
concentration will result in a greater rate of reaction.

Methodology and methods

Methodology: A controlled experiment was used.

Figure 2 Graph of results

The effact of ehectcolyte concantration o0 the mass of
Coppar dupotited ot e cathede

Method:

1. Using 1.0 M copper sulfate solution, prepare
0.50 M, 0.25 M and 0.10 M solutions by dilution
of this solution.

2. Setup electrolytic cell using 80 mL solution
(1.0 M, 0.50 M, 0.25 M and 0.10 M) according
to Figure 1.

3. Record mass of cathode for each experiment
before starting.

4. Set powerpack to 12 volts and use variable
resistor to set and maintain current at 1.0 A
for 10 minutes.

5. Rinse each cathode in acetone, dry and weigh,
then record mass.

6. Repeat three times for each concentration.

Figure 1 Electrolysis cell

< o]

| seostt |7

While the graph does not show a linear relationship, the mass of copper gained at the
cathode definitely decreases as the concentration of the electrolyte decreases.

Conclu:

The effect of changing the concentration of the electrolyte in the electrolysis of CuSO,(aq)

- Cutsti g
using copper electrodes was investigated. It was found that as the concentration of the

Risks:
CuSO,(aq) is corrosive and causes serious eye damage, so safety glasses, a lab coat and
gloves were worn throughout the investigation.
Any remaining Cu(s) and CuSO,(aq) was returned to the laboratory prep room for safe

disposal or future use.

References:

Acknowledgements:

Chan, D., Commons, C., Commons, P, Derry, L., Freer, E., Huddart, E., Lennard, L., | would like to thank the laboratory technicians, Karen

MacEoin, M., Moylan., M., O’Shea, P, Ross, B., Vanderkruk, K., & Waldron, P.
(2023). Heinemann Chemistry 2 (6th ed.) Pearson Australia.

Safety Data Sheet (copper(ll) sulfate pentahydrate) from
https://shop.chemsupply.com.au/documents/CLO681CH2B.pdf

and Tanneale, for their help in preparing the solutions
for this investigation.

FIGURE 1.6.2 An example of a student’s scientific poster

electrolyte increased, the mass of copper deposited at the cathode also increased. The
results support the hypothesis. These results have a significant degree of inaccuracy because
it was not possible to keep the current to the ideal value of 1.0 A throughout all trials and
considerable amounts of copper fell off the cathode before it could be weighed.

Further research that eliminates sources of error, such as the change in current and the
copper that did not adhere to the cathode, should be conducted in order to achieve results
that are more accurate and to ensure the reliability of the method.
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Visual support, such as flow charts
and graphs, can help to convey
scientific concepts and processes
efficiently.

CHAPTER 1 | SCIENTIFIC INVESTIGATION

WRITING A SCIENTIFIC REPORT

Whether an investigation is presented as a poster, written report or oral presentation,
an article for a scientific publication or a multimedia presentation, the same key
elements are included in the same sequence: Title, Introduction, Methodology and
methods, Results, Discussion, Conclusion, and References and acknowledgements,
as summarised in Figure 1.6.3. All of these key elements are described in detail in
Sections 1.2, 1.3, 1.4 and 1.5.

A scientific poster format will include the same elements as a scientific report, as
outlined in this section. However, a poster is meant to be more succinct and direct in
its approach to presenting your findings and should be appropriate for both technical
and non-technical audiences.You should pick the information that you want to present
carefully so that the impact of your investigation is best communicated. For example,
in analysing your data, you may have produced large tables of raw and processed
data, as well as a graph. In the poster, it may be best to simply show a summary results
table and a graph which will clearly represent any trends in your data.

* concise

Title | © use keyterms

+ relevant background information on the topic
+ whatisalready known on the specific issue

+ the aim of the investigation

the question being addressed

Introduction -

N )
SN

* hypothesis
+ list of variables

— + brief description of methodology (rationale of
investigative approach)

+ list all materials

+ step-by-step experimental methods

+ diagrams or flow charts (optional)

Methodology and
methods

+ descriptive/observational text
Results | -+ datatables
+ images: photos and/or diagrams

+ analysis and evaluation of results
Discussion + graphs showing trends in results
« summary diagrams/charts may be suitable

do the results support the hypothesis?
Conclusion 1+ how can the investigation be improved?
no new information is introduced

N N N

References and  list all references
acknowledgements + acknowledge all who helped

A YERYSYahYs

FIGURE 1.6.3 Elements of a scientific report or presentation

Visual support

You may be able to identify concepts that can be explained using visual models

and information that can be presented in graphs or diagrams. This will not only

significantly reduce the word count of your work but will also make it more accessible

for your audience. You can reduce the number of words in your report by:

e including an annotated diagram of the equipment set-up

* using a flow chart to summarise the key steps of the method (a detailed method
can appear in the logbook)



e using tables, graphs and schematic diagrams (diagrams that show something
complex such as a process in a simple way, often using standardised symbols).
Ensure you include:

e adescriptive title

e labels, captions or descriptions

* numbering; for example, Figure 1, Figure 2 or Table 1, Table 2

e a citation (source) if the work is not your own or is adapted from work that is
not your own.

® You will now be able to answer key question 1.

WRITING FOR SCIENCE

Scientific reports are usually written in an objective or unbiased style. This contrasts
with writing in your English class, which may use subjective techniques, such as
rhetoric or persuasion. In addition, be careful of words that are absolute, such
as always, never, shall, will and proven. Sometimes it may be more accurate and
appropriate to use qualifying words, such as may, might, possible, probably, likely
and suggests.

Scientific reports should be written concisely, particularly if you want to engage
and maintain the interest of your audience. Use shorter sentences that are less
verbose (less wordy).

Consistent reporting narrative

Scientific writing can be written either in first-person or third-person narrative,
although traditionally only the third person was used. You should check whether
your teacher prefers first or third person before writing an investigation report that
is going to be assessed. In either case, ensure that you keep the narrative point of
view consistent. Read the examples of first-person and third-person narrative in
Table 1.6.1.

TABLE 1.6.1 Examples of first-person and third-person narrative

| added 5 mL of HCI to the beaker and First, 5 mL of HCI was added and then
started timing. timing was commenced.
After | observed the reaction, | found that ...  After the reaction was completed, the

results showed ...

® You will now be able to answer key questions 2 and 3.

AVOIDING PLAGIARISM

Plagiarism is using other people’s work without acknowledging them as the author or
creator. It is very important to always write using your own words, even if you think
that the words used by the original author are the best possible.To avoid plagiarism,
include a reference every time you report the work of others; for example, at the
end of a sentence or following a diagram. If you use a direct quotation from a
source, enclose it in quotation marks. This will ensure you give credit to the original
author and it will enable the reader to find the original source.

References and bibliography

A Dbibliography is a list of resources you have consulted during your research,
whereas a reference list is a detailed list of references that you have cited in your
work. Both lists includes details about each resource. To avoid plagiarising the
work of others, it is very important that you acknowledge where you have found
information. All sources must be listed at the end of the report in alphabetical order
(by last name of author or organisation name). The referencing should include
enough information for the reader to easily locate the source.

Scientific writing uses unbiased,
objective, accurate, formal language. It
should be concise and qualified.
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As you gather resources, you should also begin compiling your references in
your logbook. This will prevent you from wasting time later trying to find your
sources and will be the basis of your reference list.

APA (American Psychological Association) style is a commonly used referencing
style. In the bibliography at the end of your work, you should represent the reference
in the following order:

Author (year of publication). Title (edition). Publisher.

This is illustrated in Figure 1.6.4.

date of
publication ) ) .
author —A title of journal article or book
— A

r A
Home, T. (2021). Can we envision a role for imagination in chemistry learning? journal of Chemical Education,

98(12),
%—J

3615-3616. \ ~ J
journal name (or publisher)

edition, volume
and page number

| SCIENTIFIC INVESTIGATION

FIGURE 1.6.4 An annotated example of APA referencing of a journal article for a bibliography

In APA referencing, no distinction is made between books, journal articles
or internet documents, except where electronic documents do not provide page
numbers. Table 1.6.2 gives examples of how to write citations and references of
different types of sources using APA academic referencing style.

TABLE 1.6.2 APA academic referencing style

Resource type Information required m

print book .

journal article

internet

author’s surname and initials
date of publication

title

edition number

page number

publisher’s name

author’s surname and initials
date of publication

title of article
journal/magazine title
volume/issue

page numbers

author’s surname and
initials, or name of
organisation or title

year website was written or
last revised (if this cannot
be found, write ‘n.d. for ‘no
date’)

website title, italicised, or
description

website address

Chan, D., Commons, C.,

Commons, P, Derry, L., Freer, E.,
Huddart, E., Lennard, L., MacEoin, M.,
Moylan., M., O’'Shea, P, Ross, B.,
Vanderkruk, K., & Waldron, P. (2023).
Heinemann Chemistry 2 (6th ed.,

p. 426). Pearson Australia.

Kizil, N., Soylak, M. & Ttizen,

M. (2017). Spectrophotometric
detection of rhodamine B in tap
water, lipstick, rouge, and nail polish
samples after supramolecular
solvent microextraction. Turkish
Journal of Chemistry, 41, 987-994.

University of Canterbury. (n.d.).
Determination of vitamin C
concentration by titration.
https://www.canterbury.ac.nz/
media/documents/science-
outreach/vitaminc_iodine.pdf



In-text citations

Each time you write about the findings of other people or organisations, you need
to provide an in-text citation and provide full details of the source in a reference
list. In APA style, in-text citations include the first author’s surname, the year of
publication, and a page, chapter or section number if you need to be specific, in

brackets (author, year, pages). List the full details in your bibliography as shown in 0 References and acknowledgements
Table 1.6.3. should give credit to the original

. . .. authors of the information you are
The following examples show the use of in-text citation. using and should follow.a standard

e An earlier study (Kizil et al., 2017) reported a method for determining the format.
concentration of rhodamine B by UV-visible spectroscopy.
e The procedure for determining the concentration of vitamin C in lemon
juice was adapted from the University of Canterbury method (University of
Canterbury, n.d.)
The intention is that in-text citations can be linked to the information in your
bibliography, but are more concise, for inclusion in your work at the point where they
are most relevant. InTable 1.6.3, three bibliography entries and their corresponding
in-text citations are compared.

TABLE 1.6.3 Bibliography entries compared to in-text citations for the same resources

Resource type Bibliography entry In-text citation

print book Chan, D., Commons, C., Commons, P, Derry, L., (Derry et al., 2023,
Freer, E., Huddart, E., Lennard, L., MacEoin, M., p. 426)
Moylan., M., O’Shea, P, Ross, B., Vanderkruk, K.,
& Waldron, P. (2023). Heinemann Chemistry 2
(6th ed., p. 426). Pearson Australia.

journal article Kizil, N., Soylak, M. & Ttizen, M. (2017). (Kizil et al., 2017)
Spectrophotometric detection of rhodamine
B in tap water, lipstick, rouge, and nail
polish samples after supramolecular solvent
microextraction. Turkish Journal of Chemistry, 41,
987-994.

internet University of Canterbury. (n.d.). Determination of ~ (University of
vitamin C concentration by titration. https://www.  Canterbury, n.d.)
canterbury.ac.nz/media/documents/science-
outreach/vitaminc_iodine.pdf

® You will now be able to answer key questions 4, 5 and 6.

Acknowledgements

It is important to acknowledge the contribution of others in your investigation.
This might include acknowledging support from your teacher and preparation of
chemicals and materials by the laboratory technician.
For example, statements similar to the following could be used.
e This research was supported by the staff of the Science Faculty at Northern
Secondary College, Melbourne.
e Special thanks to Mrs Smith for preparing stock solutions.
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1.6 Review

» A practical report should include the following

sections:

- title

- introduction

- materials and method
- results

- discussion

- conclusion

- references

- acknowledgements.

» The title should give a clear idea of what the report
is about, without being too long.

» The introduction sets the context of your report. It
should outline relevant chemical ideas, concepts,
theories and models, and how they relate to your
specific question and hypothesis.

» The methodology and method section should:

- outline the methodology used and the rationale for

using this approach

- clearly state the materials required and the
methods used to collect data during your
investigation

KEY QUESTIONS

Knowledge and understanding

1 List three techniques you might use to reduce the
number of words in your experimental report to
present it in a poster.

2 Which of the following statements taken from a
conclusion is written in scientific style?
A The experiment was fun...
B The results were unbelievable...
C We believe that...
D The results demonstrated that...
3 Which of the following statements is written in third-
person narrative suitable for scientific writing?
A Three trials were conducted...
B We found that...
C George’s results demonstrated that...
D | showed that...

CHAPTER 1 | SCIENTIFIC INVESTIGATION

- be presented in a clear, logical order that
accurately reflects how you conducted your study.

The results section should state your results and

present them using graphs, figures and tables, but it

should not interpret the results.

The discussion should:

- interpret data

- evaluate the investigative method and make
recommendations for improving the method

- explain the link between investigative findings and
relevant chemical concepts.

The conclusion should succinctly link the evidence

collected to the hypothesis and research question,

indicating whether the hypothesis was supported or

refuted.

References and acknowledgements should be

present in an appropriate format.

Scientific writing uses unbiased, objective, accurate,

formal language. It should be concise and qualified.

Visual support such as flow charts and graphs can

help to convey scientific concepts and processes

efficiently.

Analysis
4  Which of the following would be the correct way to

cite in text the following source in APA style?

Simurdiak, M., Olukoga, O. & Hedberg, K. (2016).

Obtaining the lodine Value of Various Oils via

Bromination with Pyridinium Tribromide. Journal of

Chemical Education, 93(2), 322-325.

A A method of obtaining the iodine value of various
oils (Simurdiak et al., 2016) was modified to create
the method in this report.

B The method used by Simurdiak et al. in which they
obtained iodine value of various oils was modified
for this report.

C The method of obtaining the iodine value of
various oils reported by Simurdiak, M., Olukoga, O.
& Hedberg, K. (2016). Obtaining the lodine Value
of Various Oils via Bromination with Pyridinium
Tribromide. Journal of Chemical Education, 93(2),
322-325 was modified.

D Simurdiak, M., Olukoga, O. & Hedberg, K. (2016)
used a method of obtaining the iodine value of
various oils and this was modified to use in this
report.



In the table below, all the details of three references
are described. Rewrite this information as it should
appear in a bibliography using the APA referencing
format.

Resource | Information about the Correct

type reference format in a
bibliography,
using APA
referencing
format

print Title of book: Molecules

book with silly or unusual names

Edition: 1st edition
Author: Paul W. May

Date published: 2008
Page: 64

Publisher: Imperial College
Press

journal Title of article: The nature
article hackers

Author: Stenmark, I. E.
Journal name: Education in
Chemistry

Volume: Vol. 56

Pages: 12-14

Date published: January
2019

internet Website owner: Royal
Society of Chemistry
Website title/description:
The rate of reaction

of magnesium with
hydrochloric acid

Date posted: 2016
Website address: www.
edu.rsc.org/experiments/
the-rate-of-reaction-
of-magnesium-with-
hydrochloric-acid/1916.
article

The Australia New Zealand Food Standards code

requires that vegetable juices for infants under

12 months of age must contain no less than 25 mg

vitamin C per 100 g. Shelf-life is the length of time

for which a food material remains useable or fit for

consumption (legal requirement), e.g. 7 days.

Consider the following research question: ‘How does

the age of commercially available vegetable juices

affect the concentration of vitamin C?’

a Suggest a hypothesis for this experiment.

b Identify each of the following as either independent,
dependent or controlled variables.

i Temperature of juice, analytical technique and
equipment used for measuring volumes and
masses.

ii Concentration of vitamin C per 100 g

iii Proximity of the juice to its use-by date

¢ When the students researched the Australian food
law, they found the following reference:

Food Standards Australia New Zealand (FSANZ)

(2016). Australia New Zealand Food Standards Code:

Standard 2.9.2 Food for Infants.

https://www.foodstandards.gov.au/

i Write an in-text citation for this reference.

ii How should the full citation be included in the
reference list using APA format?

iii Is this source reliable? If so, why?
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Chapter review

KEY TERMS

accepted value
accuracy

accurate

affiliation

aim

analogue

average

bar graph

bias

calibration
calibration curve
column graph
concordant titres
continuous data
controlled experiment
controlled variable
critical thinking
dependent variable
discrete data

ethics

exponential relationship
green chemistry
hypothesis
independent variable
index

inverse relationship
line graph

CHAPTER 1

line of best fit
linear trend
literature value
logbook

mean
measurement error
measurement result
meniscus

method
methodology
mistake

objective
observation

outlier

parallax error
peer-reviewed
percentage change
percentage difference
pie chart

precise

precision

primary data
primary source
principle

processed data
qualitative
qualitative data
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quantitative
quantitative data
random error
raw data
repeatability
replication
reproducibility
research question
resolution

risk assessment
safety data sheet (SDS)
scatter graph
scientific method
scientific notation
secondary source
significant figures
standard form
subjective
systematic error
theory

titration

trend

true value
uncertainty

valid

validity

variable
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How can design and
innovation help to
optimise chemical
processes?

To achieve the outcomes in Unit 3, you will draw on key knowledge
outlined in each area of study and the related key science skills

on pages 11 and 12 of the study design. The key science skills are
discussed in Chapter 1 of this book.

| AREA OF STUDY 1 |

What are the current and future options for
supplying energy?

Outcome 1: On completion of this unit, the student should

be able to compare fuels quantitatively with reference to
combustion products and energy outputs, apply knowledge of the
electrochemical series to design, construct and test primary cells
and fuel cells, and evaluate the sustainability of electrochemical
cells in producing energy for society.

| AREA OF STUDY 2 |

How can the rate and yield of chemical reactions
be optimised?

Outcome 2: On completion of this unit, the student should be able
to experimentally analyse chemical systems to predict how the rate
and extent of chemical reactions can be optimised, explain how
electrolysis is involved in the production of chemicals, and evaluate
the sustainability of electrolytic processes in producing useful
materials for society.

VCE Chemistry Study Design extracts © VCAA (2022); reproduced by permission.
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2 Carbon-based fuels

In this chapter, you will learn how fuels are used to meet global energy needs and
you will gain an appreciation of the chemistry that underpins decisions about the
use of fuels. Combustion reactions are used to release useful heat energy from
the chemical energy stored in fuels. You will consider different ways in which the
energy content of a fuel is represented and be introduced to calculations involving
energy changes. You will also learn about the energy changes occurring when the
human body processes the food it consumes.

You will consider the environmental impact of using different types of fuels, as
the phasing-out of fossil fuels is arguably the most significant factor in addressing
climate change fears. Current research being conducted into the production of
biofuels will also be discussed.

Key knowledge

+ the definition of a fuel, including the distinction between fossil fuels (coal,
natural gas, petrol) and biofuels (biogas, bioethanol, biodiesel), with reference
to their renewability (ability of a resource to be replaced by natural processes
within a relatively short period of time) 2.2

fuel sources for the body measured in kJ g!: carbohydrates, proteins and lipids
(fats and oils) 2.3

photosynthesis as the process that converts light energy into chemical energy
and as a source of glucose and oxygen for respiration in living things:
6C0,(g) + 6H,0(l) — C,H,,0(aq) + 60,(g) 2.3

oxidation of glucose as the primary carbohydrate energy source, including
the balanced equation for cellular respiration: C;H,,0.(aq) + 60,(g) —
6CO,(g) + 6H,0()) 2.3

production of bioethanol by the fermentation of glucose and subsequent
distillation to produce a more sustainable transport fuel:

C,H,,04,(aq) — 2C,H,OH(aq) + 2CO(g) 2.4

comparison of exothermic and endothermic reactions, with reference to bond
making and bond breaking, including enthalpy changes (AH) measured in

kJ, molar enthalpy changes measured in kJ mol~ and enthalpy changes

for mixtures measured in kJ g1, and their representations in energy profile
diagrams 2.1

combustion (complete and incomplete) reactions of fuels as exothermic
reactions: the writing of balanced thermochemical equations, including states,
for the complete and incomplete combustion of organic molecules using
experimental data and data tables. 2.5

VCE Chemistry Study Design extracts © VCAA (2022); reproduced by permission.
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0 A fuel is a substance that can release
stored energy relatively easily.
A combustion reaction is a reaction in
which a substance reacts with oxygen
gas, releasing energy.

Enthalpy change is a measure of

the quantity of energy absorbed or
released during chemical reactions.

It is given the symbol AH and is
determined by subtracting the
enthalpy of the reactants (H) from the
enthalpy of the products (Hp).
Enthalpy change, AH = Hp -H

e
energy

released
(AH negative)

----------- [

Reaction progress
B — —_—
- e

FIGURE 2.1.1 In an exothermic reaction, the
energy of the reactants is greater than the
energy of the products, so energy is released to
the surroundings during the reaction and AH is
negative.

2.1 Exothermic and endothermic
reactions

Few issues are more relevant to modern society than energy. Our affluent lifestyle
generates a huge demand for energy for electricity, heating and transport. The
production of this energy, in turn, is placing serious stresses on our environment
and climate. An understanding of energy involves an understanding that all
chemicals contain stored energy and that any chemical reaction will produce an
energy change. In this section, you will learn that fuels are substances that can
release stored chemical energy relatively easily.

To release stored energy, fuels must react, often with oxygen. The reactions with
oxygen are examples of combustion reactions. Reactions that release energy to the
environment are called exothermic reactions, while reactions that absorb energy
are endothermic reactions.

When fuels undergo combustion, energy is released in the form of heat. It is
useful for chemists to be able to show the energy changes that occur as a reaction
proceeds. All reactions absorb some energy before they can proceed, even if energy
is released overall. An energy profile diagram represents the energy changes that
occur during the course of a reaction.

ENTHALPY CHANGE

The chemical energy of a substance is sometimes called its heat content or
enthalpy. Itis given the symbol H. The enthalpy of the reactants in a chemical reaction
is given the symbol H_ and the enthalpy of the products is given the symbol Hp.

Most chemical processes take place in open systems under a constant pressure
(usually atmospheric). The exchange of heat energy between the system and its
surroundings under constant pressure is referred to as the enthalpy change,
or heat of reaction, and is given the symbol AH. The capital delta symbol (A) is
commonly used in chemistry to represent ‘change in’. For example, AT is the
symbol for change in temperature.

Fuels provide you with energy by undergoing exothermic combustion reactions.
Knowing the precise enthalpy change per mole or gram that occurs during the
combustion of different fuels helps you to decide which fuel might be most suitable
for a particular purpose.

For the general reaction:

reactants —> products
the enthalpy change (AH) is calculated by:
AH=H - H,

For reactions to occur, the bonds in the reactants must break and new bonds
must be formed when the products are formed. It requires energy to break the
bonds in the reactants, and energy is released when bonds form in the products.
The enthalpy of the products will differ from the enthalpy of the reactants. In some
reactions, energy is released to the surroundings, while in others, energy is absorbed
from the surroundings.

Enthalpy change in exothermic reactions

When Hp is less than H , energy is released from the system into the surroundings,

so the reaction is exothermic. The system has lost energy, so AH has a negative value.
Therefore, for combustion reactions (which are exothermic reactions), AH < 0

(Figure 2.1.1).
In an exothermic reaction:

* the total chemical energy of the products is less than the total chemical energy
of the reactants

* the energy released when the bonds in the products form is greater than the
energy required to break the bonds in the reactants
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e excess energy is released to the surroundings
e AH is negative.

Enthalpy change in endothermic reactions

When Hp is greater than H , energy must be absorbed from the surroundings, so the
reaction is endothermic. The system has gained energy, so AH has a positive value,
i.e. AH > 0 (Figure 2.1.2).

In an endothermic reaction:

e the total chemical energy of the products is greater than the total chemical
energy of the reactants

e the energy released when the bonds in the products form is less than the energy
required to break the bonds in the reactants

e the energy required is absorbed from the surroundings

e AH is positive.

Activation energy

The energy required to break the bonds of reactants so that a reaction can proceed
is called the activation energy. The activation energy is an energy barrier that
must be overcome before a reaction can commence.

An activation energy barrier exists for both exothermic and endothermic
reactions. If the activation energy for a reaction is very low, the chemical reaction
can be initiated as soon as the reactants come into contact because the reactants
already have sufficient energy for a reaction to take place. Special conditions are
not always required for reactions to occur. An example of this can be seen in the
reaction between zinc and hydrochloric acid in Figure 2.1.3.

The reaction between zinc and hydrochloric acid produces hydrogen gas:

Zn(s) + 2HCl(aq) — ZnCl,(aq) + H,(g)

As you can see in the figure, bubbles of hydrogen gas are vigorously produced

as soon as zinc is added to the acid.

Units of energy

It is useful to know the magnitude of AH values so that fuels can be compared. The
International System of Units (SI units) is a widely used system of measurement
that specifies units for a range of quantities. The SI unit for energy is the joule, with
the symbol J. As 1 J of energy is a relatively small quantity, it is common to see the
following units in use.
e kilojoules, 1 k] =10°]
e megajoules, 1 MJ=10°]
e gigajoules, 1 G] =10°]
e terajoules, 1 T]=10"].

Figure 2.1.4 provides a conversion guide for different energy units.

+10°

x 10°

x 10°

x 10°
FIGURE 2.1.4 Converting between different energy units

------------
energy
/ absorbed
(AH positive)
s}

Reaction progress
R —— -

FIGURE 2.1.2 In an endothermic reaction, the
energy of the reactants is less than the energy
of the products, so energy is absorbed from
the surroundings during the reaction and AH is
positive.

Energy

I e R ]
FIGURE 2.1.3 When zinc comes into contact
with hydrochloric acid, it reacts almost
immediately. The reactants have sufficient
energy to ‘overcome’ the activation energy
barrier.
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A thermochemical equation is a
balanced chemical equation that
includes the enthalpy change, AH.

Energy

Writing a thermochemical equation
The combustion reaction for the fuel methane is:
CH,(g) +20,(g) — CO,(g) +2H,0()

Activation energy is required to break the covalent bonds in both methane and
oxygen molecules for this reaction to proceed. Methane is a widely used fuel as the
energy released when bonds form in CO, and H,O is significantly higher than the
activation energy required.

The quantity of energy released in the combustion of 1 mole of methane is
890 kJ. If the value of AH is added to a balanced equation, it is referred to as a
thermochemical equation. The thermochemical equation for the combustion
of methane is:

CH,(g) +20,(g) — CO,(g) + 2H,0() AH =-890 k]

This equation tells you that the combustion of 1 mole of methane and 2 moles
of oxygen gas to produce 1 mole of carbon dioxide and 2 moles of liquid water will
release 890 K] of energy.

ENERGY PROFILE DIAGRAMS

The energy changes that occur during the course of a chemical reaction can be
shown on an energy profile diagram or energy profile.

The energy profile diagram for an exothermic reaction like the one shown in
Figure 2.1.5 indicates that the enthalpy of the products is less than the enthalpy
of the reactants. Overall, energy is released and so the AH value is negative. The
energy profile also shows that, even in exothermic reactions, activation energy must
first be absorbed to start the reaction.

The energy profile diagram for an endothermic reaction (Figure 2.1.6) shows
that the enthalpy of the products is greater than the enthalpy of the reactants.
Overall, energy is absorbed and so the AH value is positive. The energy profile also
shows the absorption of the activation energy before the release of energy as bonds
form in the products.

energy absorbed

as bonds in
reactants break
activation
energy
reactants R 2 s N W
23 activation
oo
roducts
energy released AH E P energy_f -
as bonds form in w Al
products roducts l
S-te- reactants/ __y * 2
Reaction progress Reaction progress
FIGURE 2.1.5 The characteristic shape of FIGURE 2.1.6 The characteristic shape of an
an energy profile diagram for an exothermic energy profile diagram for an endothermic
reaction reaction
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2.

1 Review

A fuel is a substance with stored energy that can be
released relatively easily for use as heat or power.

All chemical reactions involve a change in energy
due to the breaking of reactant bonds and the
formation of new bonds.

The chemical energy of a substance is sometimes
called its heat content or enthalpy.

The net enthalpy change in a reaction is represented
as AH.

KEY QUESTIONS

Knowledge and understanding

1

Which one of the following is a correct
thermochemical equation for the combustion of
methane?

A CH,(g) + 20,(8) — CO,(g) + 2H,0(l)

B CH,(g) + O,(g) — CO,(g) + H,0() AH=-890 kJ
C CH,(g) + 20,(g) — CO,(g) + 2H,0(l) AH =-890 kJ
D CH,(g) +20,(g) — CO,(g) + 2H,0(l) AH =+890 kJ

Complete the following sentences by selecting the
correct term for each of the alternatives in bold:

In an exothermic reaction, the chemical potential

of the products/reactants is lower than that of the
products/reactants. Energy is absorbed from/
released to the surroundings. The sign of AH will be
positive/negative.

Explain what a negative AH value indicates about a
chemical reaction, in terms of the relative enthalpies
of the reactants and products.

Explain why both exothermic and endothermic
reactions require activation energy to proceed.

Use Figure 2.1.4 to convert each of the following to kJ.
a 2581

b 26.3 MJ

c 6.6GJ

Exothermic reactions have a net release of energy to
the surroundings. AH is negative.

Endothermic reactions have a net absorption of
energy from the surroundings. AH is positive.

The combustion of fuels is an exothermic process.

Energy profile diagrams are used to represent the
energy changes in a reaction.

Analysis

6

Ammonium chloride, NH,Cl, is readily soluble in

water. The reaction with water is endothermic and can

be represented by the equation:
NH,CI(s) — NH,*(aq) + Cl-(aq)

5.0 g of NH,Cl is added to water and stirred until it

dissolves.

a What bonds need to be broken for this reaction to
occur?

b Will this reaction absorb or release energy to the
environment?

¢ Will the temperature of the surroundings increase
or decrease when this reaction occurs?

The energy profile diagram below shows the energy
changes during the reaction of hydrogen and iodine
to form hydrogen iodide:
H,(8) + 1,(8) — 2HI(g)
a Is the reaction exothermic or endothermic?
b Describe how the enthalpies of the reactants and
products compare to one another.
¢ Comment on the size of the activation energy
compared with AH.

Energy

Reaction progress
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FIGURE 2.2.1 Sugars, such as sucrose, are fuels
for your body.

FIGURE 2.2.2 Petrol is just one type of fuel that
is used each day to meet our energy needs.

transportation
(47%)

heating
(40%)

cooking
(2%)
lighting
and motors  other—including
(7%)  refrigeration, electrolysis
(4%)

FIGURE 2.2.3 This pie chart shows where
energy is used in Australia.

2.2 Types of fuels

Fuels provide you with energy. They are substances that have chemical energy
stored within them. All chemicals contain stored energy. What makes a fuel special
is that this stored chemical energy can be released relatively easily.

Sugar is an example of a common fuel (Figure 2.2.1). A cube of table sugar
(sucrose) can provide your body with 82 kilojoules of energy. This is about 1%
of your daily energy needs. If sucrose is burnt, this energy is released as heat. The
combustion of 1 kilogram of sucrose releases sufficient energy to melt more than
5 kilograms of ice and then boil all the liquid water produced.

Although sugars provide energy for your body, you do not heat your home,
power cars or produce electricity by burning sugar. A range of other fuels, such as
wood, coal, oil, natural gas, LLPG, ethanol and petrol (Figure 2.2.2), are used for
these energy needs.

In this section, you will explore the range of fuels available and how they
are sourced.

THE NEED FOR FUELS

A fuel is a substance with stored energy that can be released relatively easily for
use as heat or power. Although this chapter will focus on fuels with stored chemical
energy, the term ‘fuel’ is also applied to sources of nuclear energy, such as uranium.
The use of fuels by society can be considered from a number of points of view,
including at a:
* local level (e.g. the type of petrol used in your car)
* national level (e.g. whether Australia’s use of energy resources is sustainable)
» global level (e.g. whether the use of fossil fuels—coal, oil and natural gas—is
contributing to the enhanced greenhouse effect).
These are not separate issues. Choices made locally have regional and global
effects. The decisions of global and national governments affect how and which
fuels are used.

Use of energy in Australia and the world

World energy consumption is around 4 x 10% joules per year. The United States
consumes a quarter of the world’s energy. Australia consumes about 1% of the
world’s energy. However, energy consumption per person in Australia is only just
below that of the United States. Figure 2.2.3 shows the ways in which Australians
use energy. As you can see, heating and transportation account for 87% of Australia’s
total energy consumption.

In Australia and around the world, most of the energy used for heating, electricity
generation and powering vehicles comes from fossil fuels. In 2021, approximately
70% of Australian electricity was generated from these fuels, with around 50% from
coal and the remainder from natural gas and oil. The other approximately 30%
of Australia’s electricity came from renewable energy sources. Hydroelectricity
contributed 6% of total electricity, and wind, biofuels and solar energy made up the
remaining 24%.

Future energy needs

World energy supply is in a state of flux and change. For most of the 20th century,
world energy consumption grew exponentially, and the coal and oil industry
expanded to meet this demand. Over the last decades, however, it has become
apparent that reserves of fossil fuels are finite and that the emissions from fossil
fuels are threatening climate stability.
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Given the limited reserves and concerns about the link between fossil fuels and
climate change, there is considerable interest in identifying and developing new 0 _Fuels are considered to be renew_able
energy sources. Most countries are managing a transition to alternative sources of if ‘ihey can be replaced at a sustainable

rate.
energy, but the use of renewable fuels (also known as renewables), fuels that can
. . . . Non-renewable fuels are those that are

be replaced at a sustainable rate for large-scale energy production, is not a simple ORI £ (et e e ey
tas.k. Replacement energy sources need tlo me'et a range of reguirements, such as can be replaced.
being reliable, sustainable and cost-effective. Figure 2.2.4 provides a breakdown of
how the world’s energy is currently sourced.

World consumption
Million tonnes oil equivalent

14 000

Coal
Renewables
Hydroelectricity
Nuclear energy
Natural gas

QOil

93 94 95 9 97 98 99 00 O1 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 0

FIGURE 2.2.4 As the world’s energy requirements have grown, renewable energy sources have
provided an increasing, but still small, proportion of our overall energy usage.

FOSSIL FUELS

Non-renewable resources are those that are used faster than they can be replaced.

Coal, oil and natural gas are non-renewable fuels. Reserves of fossil fuels are limited Fossil fuels are naturally occurring

and they could eventually be exhausted. fuels such as coal, oil or gas, that were
formed in the geological past from the

Formation of fossil fuels remains of living organisms.

Coal, oil and natural gas were formed from ancient plants, animals and
microorganisms. Buried under tonnes of mud, sand and rock, this once biological
material has undergone complex changes to become the fossil fuels used by
societies today. The organic matter still retains some of the chemical energy the
plants originally accumulated by carrying out photosynthesis. Chemical energy
in fossil fuels can be considered to be trapped solar energy.

Fossil fuel formation occurs over millions of years. This is why these fuels are
considered non-renewable. Once reserves of the fossil fuels have been used, they
will not be replaced in the foreseeable future.
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Coal

% Aswood and other plant material is converted into coal, the carbon content increases

% and the proportion of hydrogen and oxygen decreases. The wood progressively
becomes peat, brown coal and then black coal (Figure 2.2.5). Coal is a mixture
of large molecules made from carbon, hydrogen, nitrogen, sulfur and other
elements.

decaying A 4
vegetation

Peat
60% carbon
heat released 17 k] g

Electricity from coal

Chemical energy from most fuels is harnessed through combustion of the fuel.
Thermal energy released from the combustion of fuels can be converted into
electrical energy. In Australia, electrical energy is produced from several different
fuels.

The combustion of coal generates over 50% of Australia’s electricity. Rather
than transport coal to every factory, office and household, the chemical energy is
converted to electrical energy at a power station. Electricity is transmitted easily
from the power station by metal cables and wires to other regions. The reaction
occurring when coal burns can be written as:

C(s) +0,(g) — CO,(g)
The energy released from the combustion of coal is about 32 kJ g™'.

increasing quality as fuel

aumeJsadwa) ‘aunssaid ‘awin Suisealdul

y

FIGURE 2.2.5 Steps in the formation of coal. Figure 2.2.6 illustrates how thermal energy is released when the coal is converted

-

Values of the carbon content and heat released to electrical energy.
upon combustion are for dried coal.

flue gas
T 10% of the coal's chemical 35% of the coal's AXPRZY
M energy is lost as heat in the chemical energy
-‘ chimney gases. is converted
to electricity.
50% of the coal's
) steam chemical energy is
chimney —— lost as heat in steam.
electricity / .
generator
turbine
5% of the coal's chemical
T energy is lost in various

ways in the power plant.

boiler
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condenser /
pump

cooling tower

coal

chemical energy thermal energy
in coal of burning coal

thermal energy mechanical energy
of steam of turbine

electrical energy
from generator

FIGURE 2.2.6 A representation of the process of burning coal to produce electricity. The chemical
energy in the coal undergoes several transformations before electricity is produced.

Most Australian states are trying to retire their large-scale coal-fired electricity
plants ahead of schedule in response to concerns about their greenhouse emissions.
For example, Hazelwood Power Station, which had been producing around 20% of
Victoria’s electricity since it was commissioned in 1964, was closed in 2017.
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Petrol

Crude oil (petroleum) is a mixture of hydrocarbon molecules that are mostly
members of the homologous series of alkanes. Crude oil itself is of no use
as a fuel, but it contains many useful compounds. These useful compounds are
separated into a range of fractions by fractional distillation. Fractional distillation
does not produce pure substances. Each fraction is still a mixture of hydrocarbon
compounds. These fractions can be used as fuels or treated further to produce
more specific products through chemical processes.

Petrol is one of the fractions obtained from crude oil. It includes the compound
octane and other alkanes with a similar boiling point. The equation for the
combustion of octane is:

2CH, (1) +250,(g) — 16CO,(g) + 18H,0()

Combustion occurs in the cylinder of a car engine. The hot gases formed push
the pistons in the engine up and down, enabling the car to move.

Diesel, or more correctly, petrodiesel, is also a fraction of crude oil. The alkanes
in petrodiesel are slightly longer molecules than those in petrol.

Natural gas

Natural gas is another fossil fuel found in deposits in the Earth’s crust. It is mainly
composed of methane (CH,) together with small amounts of other hydrocarbons,
such as ethane (C,H,) and propane (C,H,). Water, sulfur, carbon dioxide and
nitrogen may also be present in natural gas.

Natural gas can be found:
e in gas reservoirs trapped between layers of rocks
e as a component of petroleum deposits
e in coal deposits, where it is bonded to the surface of the coal.

Coal seams usually contain water and the pressure of the water can keep the gas
adsorbed to the coal surface. Natural gas found in this way is known as coal seam
gas or CSG. It is a major component of Queensland’s energy supplies.

Natural gas is accessed by drilling, as with crude oil; drilling allows the natural

gas to flow to the surface (Figure 2.2.7).
!-_L
A4

sedimentary oil field with

rocks natural gas | el

impermeable rock

FIGURE 2.2.7 Natural gas deposits are often found trapped above crude oil. Once a well is sunk into
the deposit, the natural gas flows to the surface.

In 2018 Australia replaced Qatar as the world’s leading exporter of natural gas.
In November 2018 alone, Australia exported 6.5 million tonnes of natural gas.
Natural gas is exported as a liquid, referred to as LNG. The conversion to a liquid
increases the energy density, but the liquification consumes a significant quantity
of energy.
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pressurised air
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FIGURE 2.2.9 Many homes use natural gas for
cooking and/or heating.

o Biofuels are fuels derived from

72

plants or animals. They can usually
be replenished at a sustainable
rate, hence are considered forms of
renewable energy.

J l common shaft for

Electricity from natural gas

Natural gas is used in Victoria to generate electricity for the power grid. In a gas-
fired power plant, methane and other small alkanes are burnt to release energy. As
shown in Figure 2.2.8, the hot gases produced by combustion cause air to expand
in a combustion turbine to generate electrical energy. This is a simpler process than
in a coal-fired plant where the thermal energy is used to produce steam.

exhaus {1
|

turbine/generator

generator i

hot compressed -

gas spins turbine
and generator

fuel

FIGURE 2.2.8 In a gas-fired power plant, the hot gases produced expand air in a combustion turbine
to generate electricity.

The composition of natural gas varies, but the main combustion reaction
involves methane. The equation is:
CH,(g) +20,(g) — CO,(g) +2H,0()
Natural gas has many domestic applications. A network of pipes is used to deliver
natural gas to most cities in Victoria where it is used for cooking (Figure 2.2.9), hot
water and home heating.

BIOFUELS

Governments and industry are exploring alternatives to fossil fuels to meet our
future energy needs and limit the impact of fossil fuels on the environment. Ideally,
new sources of energy will be renewable. Renewable energy is energy that can be
obtained from natural resources that can be constantly replenished.

Biochemical fuels (or biofuels) are fuels derived from plant materials, such as
grains (maize, wheat, barley or sorghum), sugar cane (Figure 2.2.10 on the following
page) and vegetable waste, and vegetable oils. The three main biofuels are bioethanol,
biogas and biodiesel. They can be used alone or blended with fossil fuels such as
petrol and diesel. Bioethanol will be discussed in detail in Section 2.4.
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Berrybank piggery biogas
Berrybank Farm near Ballarat is an
example of the innovative use of
biogas. Over $2 million has been spent
on building infrastructure to collect

the manure from 20000 pigs. The
manure is fed into a digester, shown in
the figure below, which produces two
useful products: biogas and fertiliser.
The biogas is used to fire generators
that produce an estimated $250 000 of
electricity annually. Some of the energy
produced is used to maintain the
temperature of the biodigester above
30°C—not always easy in a Ballarat

FIGURE 2.2.10 Harvesting sugar cane in Queensland. Sugar cane can be a source of the raw winter.
materials for the production of bioethanol.

As well as being renewable, biofuels are predicted to have less impact on I
the environment than fossil fuels. The plant materials used in the generation of [F “
biofuels are produced by photosynthesis, which removes carbon dioxide from the | e
atmosphere and produces glucose (C.H,,0,) in the following reaction: " “u Il -

6CO,(g) + 6H,0(1) — C.H,,0,(aq) + 60,(g) : it T

The plants convert the glucose into cellulose and starch. Although carbon e
dioxide is released back into the atmosphere when the biofuel is burnt, the net
impact should be less than for fossil fuels. In theory, a biofuel could be carbon

neutral, absorbing the same amount of CO, in its formation as is released in its Large digestor tanks similar to those used at
combustion. In practice, energy is required to farm, fertilise and transport biofuels, Byl Fairi ol o8 (20t Gl
so they are not likely to be fully carbon neutral. There are now several Victorian farms
. that have installed biodigesters, but the

BIOgas Berrybank operation was the first; it
Biogas is gas that is released in the breakdown of organic waste by anaerobic was established over 30 years ago. The
bacteria. These bacteria decompose the complex molecules contained in substances cost at that time was around $2 million,
such as carbohydrates and proteins into the simple molecular compounds, carbon but the savings in electricity and water
dioxide and methane. A digester (Figure 2.2.11) is a large tank filled with the consumption have ensured the venture
anaerobic bacteria that digest (consume) the complex molecules to form biogas. is profitable.

manure and valve valve

farm waste S=>

| gas
outlet

rotting manure
and waste

vegetable methane gas
matter

methane
storage tank

.
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FIGURE 2.2.11 A digester is used in the production of biogas.




A range of materials, including rotting rubbish and decomposing plant material,
o Bloggg is formed in a.naeroblc . can be used to produce biogas. The composition of biogas depends on the original
condlthns by the action O,f bacteria. material from which it is obtained and the method of decomposition. The typical
The main component of biogas that .. . . .
. composition of a sample of biogas is shown in Table 2.2.1.
acts as a fuel is methane. ) ) -
As you can see from Table 2.2.1, biogas consists mainly of methane and carbon
dioxide. Biogas can be used for heating and to power homes and farms. There are

TABLE 2.2.1 Typical percentage composition of - mgre than 30 million biogas generators in China. Biogas generators are particularly
different gases found in biogas

suited to farms, as the waste from a biogas generator makes a rich fertiliser.

Formula Percentage In the future, it is likely more energy will be obtained from biogas generated
composition at sewage works, chicken farms, piggeries and food-processing plants. Your local
(by volume) rubbish tip also has the potential to supply biogas (Figure 2.2.12). The gas can be
methane CH, 60 used directly for small-scale heating or to generate electricity.
carbon co, 32 Electricity from biogas
Gl ek Biogas can be used to generate electricity, usually in small-scale electricity generators
nitrogen N, 45 rather than large power plants. These smaller generators are often located at the site
hydrogen s 5 where the blogas is produced. For example, sewage works commonly burn biogas
sulfide 2 produced in a generator to supply some of their power needs.
The main reaction that occurs in the combustion of biogas is the same reaction
oxygen < 1 as that of a gas-fired power station, the combustion of methane. The energy released
hydrogen H, 05 per gram of biogas is less than that of natural gas because the methane content in

biogas is significantly lower.

Biodiesel

Biodiesel is a mixture of organic compounds called esters. These esters are produced
by a chemical reaction between vegetable oils or animal fats and an alcohol (most
commonly methanol, CH,OH).

The usual raw material for the production of biodiesel is vegetable oil from
sources such as soybean, canola or palm oil. Recycled vegetable oil or animal
fats can also be used. Fats and oils are triglycerides with a molecular structure
consisting of three hydrocarbon chains, each attached by an ester functional group
to a backbone of three carbon atoms, as shown in Figure 2.2.13. The triglyceride
is converted into biodiesel by warming it with an alcohol, usually methanol or
ethanol, in a process known as transesterification. Concentrated KOH is used as
a catalyst in the reaction.

. Ny
1

FIGURE 2.2.12 Pipes buried in this rubbish tip

collect biogas In the transesterification reaction, the triglyceride is converted into a small

molecule called glycerol and three ester molecules with long carbon chains. The
ester molecules are the biodiesel product. This biodiesel can be used as the fuel for
some diesel engines.

H 0]
| | H
H—C—0—C—(CH,),CH,
0 H—C—OH
” KOH
H—C—O0—C—(CH,) CH, +3CH,OH——» H—C—OH + 3CH,(CH,),,COOCH,
0 |
H—C—OH
H—C—0—C—(CH,), CH, |
| H
H
Biodiesel molecules are esters of triglyceride methanol glycerol fatty acid methyl esters
fatty acids, formed from the reaction (palm oil) (biodiesel)
between triglycerides and small FIGURE 2.2.13 The reaction of a triglyceride with methanol and a KOH catalyst to form fatty acid
alcohol molecules. methyl esters (biodiesel) and glycerol
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The structure of a typical biodiesel molecule is shown in Figure 2.2.14.
H H H H H H H H H H H H
FFE S S S S S S S S

Co b !

—0O—

|
—C
|
H

FIGURE 2.2.14 Structural formula of a typical biodiesel molecule

RENEWABILITY

Fossil fuels are a non-renewable source of energy. It took millions of years for their
formation in the Earth’s crust, so the likelihood of new deposits forming cannot be
considered.

Biofuels are renewable and current production levels are sustainable. However,
currently biofuels produce only a small percentage of Australia’s fuel needs. For
biofuel production to increase significantly, we would need to grow crops specifically
for this purpose. This would present a number of issues, including land degradation,
clearing of forest and bushland, and ensuring food supplies are maintained.

It is mainly wind and solar investments that are steadily replacing fossil fuels.
Figure 2.2.15 from the Australian Clean Energy Council shows that in 2021,
renewables accounted for over 32% of our electricity generation and this figure is
increasing each year.

Annual electricity Renewable generation
generation in 2021 by technology type

\ |

|

@ Coal 59.1% ® Wind 35.9%
@ Renewables 32.5% Small-scale solar 24.9%

Gas 7.7% ® Hydro 21.6%
@ Non-metered fossil fuels  0.6% ® Large-scalesolar  12.3%
® Liquids 0.1% @ Bioenergy 4.3%

@® Medium-scale solar 1.1%

FIGURE 2.2.15 A 2021 breakdown of how Australia’s electrical energy is sourced
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It is also interesting to see in Figure 2.2.16, the divergent paths of various
Australian states in their energy production. Tasmania produced nearly all of its
energy in 2021 from renewable sources, while Queensland and New South Wales
were below 30%.

Renewable energy penetration by state as a proportion of generation

99.9%

Tasmania

66.5%

South Australia

33.4%

Victoria

31.5%

Western Australia

26.0%

New South Wales

19.6%

Queensland

FIGURE 2.2.16 The level of renewable energy use varies significantly between the Australian states.

Table 2.2.2 compares the advantages and disadvantages of some fuels.

TABLE 2.2.2 Advantages and disadvantages of fuels described in this section

Advantages Disadvantages

» Large reserves » Non-renewable

+ Less easily transported than » High level of emissions
liquid or gaseous fuels

+ Relatively high energy content

» More efficient than coal for * Non-renewable
electricity production » Limited reserves
» Easy to transport through pipes » Polluting, but less than coal
» Relatively high energy content and petrol
* Renewable » Low energy content

* Made from waste » Supply of waste raw materials
» Reduces waste disposal limited

* Low running costs

+ CO, absorbed during

photosynthesis
« High energy content * Non-renewable
» Ease of transport » Polluting, but less than coal
+ Limited reserves
* Renewable * Limited supply of raw materials

» Can be made from waste from which to produce it

CO, absorbed during
photosynthesis

Burns smoothly

Fewer particulates produced than
petrol

AREA OF STUDY 1 | WHAT ARE THE CURRENT AND FUTURE OPTIONS FOR SUPPLYING ENERGY?

Lower energy content than petrol
May require use of

farmland otherwise used for
food production



2.2 Review

SUMMARY

A fuel is considered to be non-renewable if it cannot
be replenished at the rate at which it is consumed.
Fossil fuels, such as coal, oil and natural gas, are
non-renewable.

Fuels such as petrol, natural gas and petrodiesel
undergo combustion reactions in excess oxygen to
form carbon dioxide and water.

The combustion reactions of fuels are used to
produce electricity and to power vehicles.

Fuels are considered to be renewable if they can be
replenished at a sustainable rate.

Biogas is formed by the anaerobic breakdown

of organic waste. It is usually burnt to generate
electrical energy.

Biodiesel is produced from triglycerides in animal
fats or plant oils. The triglycerides react with
methanol in a transesterification reaction to form
biodiesel.

Some of the non-renewable and renewable fuels
in use in Australia:

Renewable fuels

Non-renewable fuels

coal bioethanol
oil, petrol, petrodiesel biogas
natural gas biodiesel

Biofuels offer several environmental advantages:
CO, is absorbed during the growth of crops used in
their production, they can be replenished, and they
can be produced from material that would otherwise
have been waste.

A shift to large-scale production of biofuels could
place a strain on resources and available farmland.

KEY QUESTIONS

Knowledge and understanding Analysis

1 Use natural gas as an example to explain what 5 Biodiesel and petrodiesel can both be used as a fuel

a fuel is.

What is the difference between a renewable and
non-renewable fuel?

A large dairy farm in country Victoria has built a

digestor to process the cow manure.

a Which biofuel would be produced from the animal
waste?

b How is this fuel most likely to be used?

There are several small plants in Australia that collect
the waste oil from businesses such as fish-and-chip
shops.

a Which biofuel is produced from the waste oil?

b How is this fuel most likely to be used?

for trucks. The two main products of combustion

of these fuels are carbon dioxide and water. Explain
why biodiesel is considered more sustainable than
petrodiesel, even though the products of combustion
are very similar.

The production of biogas from animal waste provides
a fuel from a renewable source and disposes of a
nuisance material. Despite the obvious benefits of
biogas production, the volume used in Australia is still
relatively low. Suggest reasons for this limited use.

Despite the fact that biodiesel can be produced from
a renewable resource such as canola crops, there
are still concerns with the production and use of
biodiesel. Discuss what these concerns might be.
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FIGURE 2.3.1 Structural formula of glucose
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FIGURE 2.3.2 Green plants carry out
photosynthesis during the day. Photosynthesis
occurs in the leaves of the plant.

2.3 Fuel sources for the body

In Section 2.2 you learnt about the various fuels developed by humans for their external
energy needs. In this section, you will focus on the energy needs of the body’s internal
processes. Humans require energy for warmth, movement and for the synthesis of
necessary biomolecules, such as hormones, enzymes, carbohydrates and triglycerides.

PHOTOSYNTHESIS

One of the most important biomolecules is glucose, shown in Figure 2.3.1.

Glucose is found in all living things, especially in the sap of plants and the blood
and tissue of animals. Plants can use glucose as a monomer to form important natural
polymers such as starch and cellulose. Both glucose and its polymer, starch, are more
rapidly digested than other forms of food. They are the main sources of energy in most
diets and the human body uses them for energy in preference to fats and proteins.

Green plants, such as the one seen in Figure 2.3.2 carry out photosynthesis,
one of the key chemical reactions that supports life. Plants use photosynthesis to
make their own food in the form of glucose. Photosynthesis is an endothermic
chemical reaction carried out in chloroplasts in the cells of green leaves. Energy
from sunlight is used to produce glucose from carbon dioxide and water. Oxygen
gas is the other product.

Glucose contains chemical energy, which feeds the plant and is also stored and
becomes food for animals that eat it.

The thermochemical equation for photosynthesis is:

6CO,(g) + 6H,0(1) — C.H,,0,(aq) + 60,(g) AH =+2803 k]

CELLULAR RESPIRATION

Glucose is the primary energy source for the cells of plants and animals and is used
to obtain energy by a process known as cellular respiration. The main form of
respiration is also referred to as aerobic respiration, as oxygen gas is required.

In aerobic respiration, glucose is oxidised to carbon dioxide and water through
a sequence of reactions. The overall equation is:

CH,,0,(aq) + 60,(g) — 6CO,(g) + 6H,0(]) AH =-2803 k]

Note that the products of photosynthesis are the reactants for aerobic respiration.
Figure 2.3.3 shows that the energy from the Sun stored in glucose molecules is
released to the plant or animal through respiration. It should also be apparent that
the respiration reaction is the same as the reaction that would occur if glucose were
to undergo complete combustion in a flame. The glucose stores energy from the
Sun as chemical energy.

photosynthesis oxygen and
glucose

AH = 42803 kJ mol™

N 6CO,(g) + 6H,0(1)=C H,,0 (aq) + 60,(g)

AH = -2803 kJ mol™*

carbon cellular
dioxide u o
and water respiration

FIGURE 2.3.3 Photosynthesis in plants can store energy from the Sun in plants. Respiration of
glucose releases that energy for the plant or animal to use.
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Although the equations for photosynthesis and respiration are the reverse of
each other, the actual processes are very different. Both reactions occur in stages,
requiring the presence of a range of other biomolecules. Photosynthesis occurs in
plant cells, while respiration occurs in both animal and plant cells.

The thermochemical equations for photosynthesis and cellular respiration are:
photosynthesis 6CO,(g) + 6H,0() — C,H,,0,(aq) + 60,(g) AH =+2803 kJ
respiration C.H,,0,(aq) + 60,(g) — 6CO,(g) + 6H,0(l) AH =-2803 kJ

CASE STUDY [\ VAR £75)

Lavoisier and combustion

Antoine Lavoisier was a famous French chemist. He
published a systematic way of naming chemicals based
on their composition, he discovered the composition of
water, and he clarified the role of oxygen in combustion
and oxidation, among his many achievements. From the
early 1780s Lavoisier proposed that combustion and
respiration were the same thing; that all respiration is a
form of combustion. Given that oxygen had only recently
been discovered, this was quite an amazing insight.

To test his theory, he designed an apparatus
that included both a living guinea pig and ice. The

vigorousness of the movement of the guinea pig gave an / ! i 1 s
indication of the oxygen content of the air and the rate FIGURE 2.3.4 Lavoisier's experiment to measure the oxygen intake
of melting of the ice provided a measure of the energy and energy output of a volunteer
released. His experiments confirmed that respiration was a
reaction used by the body to release energy. Analysis

Lavoisier next measured the volume of oxygen inhaled 1 Lavoisier wanted to show that respiration and
by a human volunteer, and he demonstrated that the combustion of glucose are the same thing. Use an
volume increased with the rate of exercise. The volunteer’s equation to explain what this means.
heart rate and pulse rate also .in.crease.d. Figu‘re 2.34 2 Lavoisier used ice in his apparatus as an indicator of
shows a sketch made by Lavoisier’s wife Marie-Anne how much heat his volunteer generated. Explain how
Lavoisier of this experiment. The volunteer can be seen ice could be used to do this.
sitting near the tabls and the apparatus to measure the 3 Lavoisier used a live guinea pig as an indication of air

air volume is on the table. A translation of Lavoisier’s
insightful conclusion reads:

Respiration is nothing but a slow combustion of carbon
and hydrogen, similar in all respects to that of a lamp or a
lighted candle, and from this point of view, animals which
breathe are really combustible substances burning and
consuming themselves.

One of Lavoisier’s conclusions, referring to the location
of respiration, did need to be modified about 100 years
later. Lavoisier assumed incorrectly that it was in the lungs
themselves rather than in body cells.

quality. Explain how the behaviour of the guinea pig
could indicate air quality.

4 Discuss some of the variables Lavoisier might have
considered monitoring in his investigation of the
respiration process of a volunteer.
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0 One of the main reasons humans

consume nutrients is to obtain energy.

The quantity of energy obtained
depends upon the bonding in the
nutrient.

ENERGY FROM CARBOHYDRATES, FATS AND PROTEINS

Glucose is not the only molecule to provide energy to living things. A balanced
diet is made up of a variety of foods containing nutrients such as carbohydrates
(glucose is an example), proteins and fats. Nutrients are substances used by an
organism to survive, grow and reproduce. Food supplies the energy required for
the millions of chemical reactions that occur in your body. Energy is needed for
physical activity, for warmth and for functions such as breathing. Energy is also
required to build the large molecules in our systems and this energy can be released
as the molecules are digested, or metabolised, back to smaller units.

Carbohydrates

Carbohydrates are made from the elements carbon, hydrogen and oxygen, and
usually have the general formula, Cx(HZO)y. Many important carbohydrates are
polymers of glucose, such as starch, which is used as an energy storage molecule
in plants. Figure 2.3.5 shows the repeating glucose units in a polymer of starch.
During digestion, enzymes in our saliva and small intestine break the starch
molecules back into glucose. Enzymes are organic catalysts that alter the rate of
biochemical reactions. The glucose is transported in the blood to body cells where
respiration can occur. Energy is required to form the many bonds in these large
carbohydrates and that energy is released during digestion.

CH,OH CH,OH CH,OH CH,OH
0 4
H H
o...
OH

FIGURE 2.3.5 Starch is a natural polymer formed from the polymerlsatlon of glucose monomers.
Note: Due to the complexity of the structure the carbon atoms in the rings have been omitted
for clarity.

Fats and oils

Fats and oils are examples of triglycerides, large non-polar molecules with three
long hydrocarbon chains attached to a glycerol molecule. The general structure
of a triglyceride is shown in Figure 2.3.6. Fats play an important role in providing
and storing energy in the body. Digestion breaks down fats and components of this
breakdown can be oxidised in body cells to carbon dioxide and water, releasing
large quantities of energy.

ester functional group

(|T hydrocarbon chain

CH,— O — C— CH,CH,CH,CH,CH,CH CH,CH,CH,CH,CH CH,CH,CH,CH,CH,CH,
(|T

CH—0 — C— CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,
(0)

CH,— 0 — C — CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,

FIGURE 2.3.6 General structure of a triglyceride. Note the three long hydrocarbon chains and the
three ester functional groups.
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Proteins

A segment of a typical protein molecule is shown in Figure 2.3.7. Proteins are rarely
used by the body as an energy source as they have so many other important roles
in the body. If, however, intensive exercise depletes the body’s stores of glycogen
and fat, protein can be used as an alternative. When this occurs, it is important to
replace the protein quickly to ensure the functioning of other processes.

H 0] H 0] H o
S R N S
I : ! |'
C C
HO/ \O O/ \NH

FIGURE 2.3.7 A section of a protein chain

Energy content of carbohydrates, fats and proteins
Each of these three major nutrients provides a different quantity of energy per gram.

The energy content of foods—the amount of energy a food or fuel can supply—
is measured in k] g7!, kJ/100 g or even k] mol™! if the food is a pure substance such as
glucose. For most foods, the energy released on combustion is similar to the energy
released when the food is oxidised during respiration.

For convenience, each of the major food nutrients—carbohydrates, fats and
proteins—are considered to have a particular heat of combustion, although there
is a range of values for different members of these food groups. For example,
carbohydrates are considered to have a heat of combustion of 16 k] g™!, whereas the
heat of combustion of glucose is 15.7 kJ g! and that of polysaccharides is 17.6 k] g'.

Table 2.3.1 compares the heats of combustion (energy content) and energy
available to the body for each of the major food groups. The energy available to
the body from a nutrient or food is called its energy value. The energy value of
different foods will be discussed further in Chapter 3.

TABLE 2.3.1 Comparison of the heat of combustion and energy available to the human body of the
three main nutrients

Energy content Energy value
(heat of combustion kJ g') | (energy available for the body kJ g*)

carbohydrates 16 16
fats and oils 39 37
proteins 24 17

Note that fats and oils have a significantly higher energy value than carbohydrates
and proteins. This is essentially due to the degree to which these molecules can
be oxidised. Carbohydrates tend to contain more oxygen atoms than fats and oils
do. At a simple level, the carbon atoms in carbohydrate molecules have a higher
‘degree of oxidation’. Therefore, fats and oils have greater potential for oxidation
and release more energy on combustion.

The energy released when food is burned is often greater than the energy that is
available for the human body to use after the food has been digested. For example,
dietary fibre is mainly the carbohydrate cellulose. Humans cannot digest most fibre,
so the energy it contains is not available to humans.
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2.3 Review

Green plants use the energy from the Sun for
photosynthesis, the conversion of carbon dioxide
and water to glucose and oxygen. The equation for
photosynthesis is:

6CO,(g) + 6H,0(l) — C.H,,0(aq) + 60,(g)

AH =+2803 kJ

Plants and animals use cellular respiration to oxidise
glucose to obtain energy. The equation is the reverse

The metabolism in the body of carbohydrates, fats
and proteins is a source of energy for animals.
Fats produce the most energy per gram of the
major food groups followed by proteins, then
carbohydrates.

The human body will often obtain less energy from
a food item than the theoretical quantity based on
direct combustion of the food.

of photosynthesis:
CH,,0.(aq) + 60,(g) — 6CO(g) + 6H,0(I)
AH =-2803 kJ

KEY QUESTIONS

Knowledge and understanding

1 Name three conditions (including chemicals) that are 4
essential for photosynthesis to occur.

State whether each of the following is endothermic or
exothermic.

a respiration

b digestion of fish oil

¢ formation of cellulose from glucose in plants

d photosynthesis

e digestion of starch.

2 |t is stated in this section that glucose is a key
molecule for the energy processes in living things.
a Explain why glucose is considered a starting point
for energy systems.
b Explain the role of glucose in energy storage for

plants. 5 Explain how the molecular formulas of fats and
¢ Explain the role of glucose in energy processes for carbohydrates indicate which will release the most
humans. energy.
3 Complete the following sentences by selecting the 6 Cellular respiration is an example of an oxidation

correct term for each of the alternatives in bold:

In cellular/anaerobic respiration, glucose is used
by cells to obtain energy. Aerobic respiration is

an endothermic/exothermic process in which the
glucose is oxidised/reduced by carbon dioxide/
oxygen. A relatively large quantity of energy is
absorbed/released during aerobic respiration and
can be used by the cells of the body.

reaction. What definition of oxidation best describes

1
1
1
1
1
1
1
1
1
1
1
1
1
:
Analysis :
1
1
1
1
1
1
1
1
1
1
I
this reaction? !
1

1

1

1

1

1
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2.4 Bioethanol

Ethanol is used as an energy source in combustion engines, fuel cells and electricity
generators. Ethanol can be produced from ethene obtained from crude oil, but
this adds to the problems already mentioned relating to fossil fuels. If, however,
the ethanol is produced from biomass the environmental concerns are not as
significant. Given Australia’s strong farming and forestry industries, there is
considerable interest in producing bioethanol from the biomass wastes. In this
section, you will look at how bioethanol is produced and learn about the potential
sources of biomass.

FERMENTATION

Bioethanol is produced from glucose and other sugars in a fermentation

process. Various enzymes and microorganisms catalyse or facilitate the reactions

involved. The process is carried out at 35°C because at higher temperatures, the

microorganisms and enzymes would be destroyed. The main reaction is:
C,H,,0,(aq) — 2CH,CH,OH(aq) +2CO,(g)

Glucose is present in plants as glucose itself and also as a component of larger
carbohydrates. The bioethanol industry therefore needs abundant carbohydrate
sources that can be broken down to glucose. In the future, the three main bioethanol
feedstocks in Australia are likely to be:

e sugar cane (high in sucrose)
e wheat (high in starch)
e forest waste (high in cellulose).

Figure 2.4.1 is an outline of the chemical changes occurring in the bioethanol
manufacturing process. The carbohydrates are pulped with water, a process that
involves blending the biomass in water to break up the cell or plant structures.
Various enzymes are then added to the mixture to break the carbohydrate molecules
down to form glucose. Enzymes catalyse the fermentation of glucose to produce an
ethanol solution.

CH,OH OH
Q o
OH OH

CHQOH CHZOH

L OH CH,OH  |n
cellulose enzymes enzymes
CH,OH CH,OH CHZOH CHOH

glucose

Q Q
OH OH OH

smaller sugars,
e.g. sucrose

OH OH |, OH

starch

starch/cellulose

FIGURE 2.4.1 Enzymes are used to break large carbohydrates down to glucose. The complexity of
this process depends upon the raw material used.

0 Fermentation is a natural process
in which an organism converts a
carbohydrate such as starch or sugar
into an alcohol.

CH,OH
H H
enzymes |
OH — H—(|3 — (li— O—H
HO OH H H
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Figure 2.4.2 provides a more detailed flow chart of the fermentation process.
The stronger the bonding in the carbohydrate feedstock, the greater the pre-
treatment required to ensure the enzymes are effective. Cellulose, in particular, is
abundant as forest waste but difficult to process as the hydrogen bonds holding the
cellulose molecules together are relatively strong. In contrast, sugar cane contains
smaller and highly soluble sucrose molecules that require no pre-treatment.

lignocellulosic
F:‘A forest waste
pretreatment
steaming/milling
cellulase/amylase)
S T

T fertiliser
cliztlBider waste biomass
starch waste

ethanol

sorghum waste

sugar cane or ’

saccharification
glucose production fermentation
(enzyme = glucose - ethanol

FIGURE 2.4.2 Stages of bioethanol production. The feedstock used varies with available carbohydrate
resources.

DISTILLATION

Fermentation produces a solution thatis about 10 (%v/v) ethanol. The ethanol needs
o Distillation is the process of to be separated from the water for ethanol to be useful as a fuel. Distillation, a
separating the components or
substances from a liquid mixture
by using selective boiling and
condensation.

process that utilises the different boiling points of the liquids, is used to separate the
two liquids. The solution is heated to boiling, then fed into tall distillation columns,
such as the ones shown in Figure 2.4.3. The temperature of the column is carefully
controlled so that water (boiling point is 100°C) falls to the bottom of the column
while the ethanol gas (boiling point is 79°C) is collected from the top of the column
(Figure 2.4.4 on the following page). The ethanol, at this point, still contains traces
of water, which are then removed using micro-filtration and dehydrating agents.
You will learn more about distillation in Section 13.1.

A small percentage of methanol is usually added to ethanol sold in Australia to
make it unfit for human consumption, hence its common name ‘methylated spirits’.

The distillation process is relatively straightforward, but it requires a significant
quantity of energy to boil the ethanol solution. The energy required means
bioethanol production is not a carbon-neutral process.

FIGURE 2.4.3 Tall distillation columns such as
these ones at Manildra in NSW are common to
all bioethanol plants.
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FIGURE 2.4.4 Ethanol is collected from the top of the distillation column and water from the bottom.

THE AUSTRALIAN BIOETHANOL INDUSTRY

Australia has three commercial bioethanol manufacturing plants. Table 2.4.1
summarises the feedstock and capacity of each operation. If more biomass was
readily available, this volume could easily be increased as the resultant bioethanol
could be blended with petrol.

TABLE 2.4.1 Australia’s commercial bioethanol plants

Location Feedstock Annual production
(ML)

Manildra Nowra NSW wheat waste
Wilmar Sarina QLD molasses from sugar cane 60
United Petroleum Dalby QLD sorghum syrup 46

All three plants are located in a particular region where the feedstock crop is
grown, so the waste materials can be easily collected for fermentation. Figure 2.4.5a
shows the Wilmar bioethanol distillary in Sarina, Queensland, and Figure 2.4.5b
shows its raw material, a sugarcane crop ready for harvest. Sorghum is grown to
provide feed for cattle, pigs and poultry. Its high starch content makes it ideal for
bioethanol production.

FIGURE 2.4.5 Waste materials from sugarcane crops are used in Wilmar’s bioethanol plant
at Sarina, QLD.

Solving the ethanol crisis
during COVID-19

As COVID-19 reached Australia in 2020,
many new sources of ethanol emerged.

The arrival of COVID-19 in 2020 was
accompanied by universal advice for
people to wash and sanitise their hands
frequently. The major component of
hand sanitiser is alcohol, either ethanol
or propan-2-ol. This advice quickly led
to a world shortage of ethanol. The
solution to this problem came from an
unlikely source, Australia’s gin-making
companies. The ethanol in gin is the
same as that used in hand sanitiser, but
hand sanitiser does not require ageing
or oak storage! Australian distilleries
such as Archie Rose Distilling Co.
quickly adapted production to launch a
whole new range of sanitising products.
In a concerning twist to the story, the
Apollo Bay Distillery in Victoria had to
issue a recall of nine bottles of gin in
2020 when the bottles were found to
incorrectly contain hand sanitiser.
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FIGURE 2.4.6 Bioethanol can be produced from
corn, but is the corn more valuable as a food?

BIOETHANOL POTENTIAL

While sugar cane is an obvious source of sugar to use for fermentation, it is also
needed for table sugar production, so there are limits to the amounts of bioethanol
that can be produced in this way. The same dilemma extends to other foods such
as corn. Brazil is one of the world’s leading producers of corn, but corn is also an
important food staple. Figure 2.4.6 suggests that a balance needs to be maintained
between ensuring that basic nutrition needs are met and that vehicles are powered
in an environmentally responsible manner.

Chemists are trialling less valuable sources of sugar and starch for bioethanol
production. Forest waste is an obvious target. Australia has a large timber industry
and there is little use for the bark and trimmings produced. The cellulose in forest
waste is a polymer of glucose, but it takes harsh pre-treatment with steam and
specialised enzymes to break the cellulose into glucose.

Comparison of E10 and petrol

Bioethanol is used extensively in Australia, often in a blend with petrol. Australian
government regulations limit the proportion of ethanol in petrol to 10%. This petrol
blend is labelled E10 and sold at most Australian service stations. Motoring bodies
provide advice on the suitability of E10 fuel for each model of car. Regulations in
Queensland are different to other states as they have attempted to support local
sugarcane growers by mandating that the volume of ethanol sold in fuel be at least
4% of the total petrol volume sold. The presence of ethanol reduces the emissions
of particulates and gases such as oxides of nitrogen, but high levels of ethanol
can damage engines, especially in older vehicles. An overall increase in the volume
of bioethanol blended into petrol should produce less overall emissions and less
demand on scarce fossil fuel reserves.

The equation for the combustion of ethanol is:

C,H,OH(l) +30,(g) — 2CO,(g) + 3H,0() AH =-1360 KkJ

The combustion of 1 mole of ethanol releases 1360 KJ of energy, equivalent to
29.6 k] g't. The energy content of ethanol is about 62% that of petrol, so a larger
mass (and volume) of ethanol is required to provide the same quantity of energy.
At a simple level, the lower energy content of ethanol can be regarded as the result
of the carbon atoms in an ethanol molecule being partly oxidised (‘partly burnt’).
Some oxygen is already present in the ethanol molecules. E10 fuel and petrol are
compared in Table 2.4.2.

TABLE 2.4.2 Comparison of E10 and petrol

lower energy density, 46 kJ g! higher energy density, 48 kJ g!
cheaper more widely distributed
cleaner combustion less CO, produced per km when driving

can be a renewable fuel

absorbs CO, during formation to negate
the impact of CO, emissions during
combustion—Ilower net CO, emissions
generally safer production
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Ethtec: Ethanol plants of the future

Ethtec (Ethanol Technologies) has established a bioethanol pilot
plant near Mussellbrook in the Hunter Valley of New South Wales.
This pilot is a ‘next generation’ plant because it is not focused on
taking one source of waste and converting it into one product.
Instead, it is looking at taking any available biomass in the district
and producing a range of useful products.

‘ forest waste ’ sugarcane waste

‘ digestor ’

lignin small sugars

electrical energy bioethanol

FIGURE 2.4.7 A flow chart showing how multiple sources of biomass
can be used to produce multiple useful products

Mussellbrook was chosen as both sugar cane and timber are
grown in the region. The waste from both industries is collected
for the pilot plant. The forest waste is referred to as lignocellulosic
waste as it contains high proportions of both cellulose and lignin.
Lignin is a natural polymer present in the cells of all plants.

The forest waste is pulped and heated with acid to break down
(hydrolyse) cellulose into smaller sugars and to remove the lignin.
The process being trialled is outlined in Figure 2.4.7 as a flow
chart, and Figure 2.4.8 shows the equipment in the plant itself.

FIGURE 2.4.8 Ethtec trial plant, showing biomass fermentation tanks
on the left
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2.4 Review

SUMMARY

» Bioethanol can be produced by fermentation of
carbohydrates and sugars.
The fermentation equation is:
C¢H,,0,(aq) — 2CH,CH,OH(aq) + 2CO,(g)
» Bioethanol solutions are distilled to separate the

ethanol from the water. Ethanol has a lower boiling

point than water.

KEY QUESTIONS

Knowledge and understanding

1

a Draw a molecule of ethanol.

b Explain why ethanol is soluble in water.

¢ Write a balanced equation for the complete
combustion of ethanol.

Classify each of the following as an advantage or
a disadvantage of the use of bioethanol compared
to petrol as an energy source.
a Can absorb small amounts of water
b Lower energy content (kJ g!)
¢ Can be produced from potato peel waste at a
commercial chip manufacturing plant.
d Renewable resource
e Greater amount of CO, emitted to travel a
set distance
f Lubricates engine moving parts

State two reasons why the production of bioethanol
from the molasses in sugar cane is a simpler process

than from forest waste.

Fermentation is typically conducted at temperatures
around 35°C. It is a relatively slow reaction. Explain
why high temperatures are not used to increase the

reaction rate.

Australia has commercial plants producing
bioethanol. The carbohydrate sources are biomass
from sugar cane, sorghum and wheat.

Bioethanol is sold as E10, which is composed of
petrol blended with up to 10% ethanol.

The energy density of ethanol is lower than that of
petrol.

Analysis

5

Bioenergy supporters would like to see the volume of
E10, in which the ethanol is bioethanol, increase in
use significantly in Australia. Describe the impact on
CO, levels of an increase in E10 use.

Explain why bioethanol and biodiesel are more likely
to be transported from where they are made than
biogas.

Explain why distillation is required in the manufacture
of bioethanol, but not biodiesel or biogas.
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2.5 Energy from the combustion
of fuels

Bushfires are an example of uncontrolled combustion. They can destroy homes and
lives, devastating huge areas of bush and damaging the habitat of many animals. As
the impact of climate change leads to increased weather extremes in Australia, the
threat posed by bushfires has also increased, and fire-control experts are turning to
Indigenous Australian experts for assistance with fire prevention.

Figure 2.5.1a shows a ranger from the Kija Indigenous Ranger team, managing
a controlled burn in the Kimberley region in northern Australia. Indigenous
rangers use traditional knowledge and techniques, together with modern science
and technology, to fight fire with fire to reduce the likelihood of wildfires. The
Kimberley LLand Council’s Indigenous Fire Management Program is extremely
important to the biodiversity of this remote region.

Similarly, in 2021, Indigenous Australian leaders and University of Melbourne
researchers collaborated on a submission to the Inquiry into the 2019-20 Victorian
Fire Season recommending a return to cultural burning practices to limit the
likelihood of further bushfires (Figure 2.5.1b).

Fire results from the combustion of substances. Combustion reactions need
three things:

* fuel to burn
e oxygen for the fuel to burn in

e energy to get the process started.

Fire can be understood and controlled by applying your knowledge of chemistry.
In this section, you will learn about combustion reactions and their various
representations in more detail.

FIGURE 2.5.1 (a) A ranger from the Kija Indigenous Ranger team, overseeing a controlled burn. (b) In
the summer of 2019-20, large areas of Eastern Victoria were devastated by bushfires.

Combustion reactions are exothermic reactions in which the reactant combines
with oxygen to produce oxides. This type of reaction is often referred to as an
oxidation reaction. The combustion of a hydrocarbon produces carbon dioxide
and water, provided there is enough oxygen present.

COMPLETE AND INCOMPLETE COMBUSTION

Combustion reactions can be described as complete or incomplete. The difference
between the two is due to the amount of oxygen available to react with the fuel.

Complete combustion occurs when oxygen is plentiful. The only products
are carbon dioxide and water.

An example is the complete combustion of methane:
CH,(g) +20,(g) — CO,(2) +2H,0()

0 In redox reactions that involve
oxygen as a reactant, oxidation can be
defined as the addition of oxygen to
form oxides, such as in a combustion
reaction.

0 When oxygen is not plentiful,
incomplete combustion of fuels
occurs. The products of incomplete
combustion are carbon monoxide
and/or carbon and water.
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Carbon monoxide poisoning

Carbon monoxide is a highly
poisonous gas. It combines readily
with haemoglobin, the oxygen carrier
in blood. When attached to carbon
monoxide, haemoglobin cannot
transport oxygen around the body,
which leads to oxygen starvation

of tissues.

Even at concentrations as low as

10 parts per million (ppm), carbon
monoxide can cause drowsiness,
dizziness and headaches. At about
200 ppm, carbon monoxide can lead to
death. The average carbon monoxide
concentration in large cities, mostly
due to incomplete combustion of fuels
in cars, is now 7 ppm, but it can be as
high as 120 ppm at busy intersections
in heavy traffic.

Car exhaust gases can contain high
levels of carbon monoxide as a result of
incomplete combustion of fuels.

FIGURE 2.5.2 The yellow flame of a Bunsen
burner is due to incomplete combustion and
produces carbon as a product. The blue flame
is a hotter flame that occurs when the air hole
is open and more oxygen is allowed to react,
resulting in compete combustion.

When the oxygen supply is limited, incomplete combustion occurs. As less
oxygen is available, not all of the carbon can be converted into carbon dioxide.
Carbon monoxide and/or carbon are produced instead. The hydrocarbon burns
with a yellow, smoky or sooty flame due to the presence of glowing carbon particles.
Figure 2.5.2 shows the appearance of the different flames of a Bunsen burner due
to incomplete and complete combustion.

The equation for the incomplete combustion of methane to form carbon
monoxide is:

2CH,(g) +30,(g) — 2CO(g) +4H,0()

Writing equations for complete combustion of fuels

It is important to write chemical equations correctly because they tell you a lot
about chemical reactions. Writing equations for the complete combustion reactions
of fuels containing carbon and hydrogen is relatively straightforward, because the
products are always carbon dioxide and water.

Perhaps the most important of all combustion reactions involving fuels are those
that occur when petrol is burnt. Petrol is a mixture of hydrocarbons, including
octane.

The combustion reactions of octane (C,H,,) and the other hydrocarbons in
petrol power the internal combustion engines in most of Australia’s motor vehicles.

Worked example 2.5.1
WRITING EQUATIONS FOR COMPLETE COMBUSTION OF HYDROCARBON FUELS

Write the equation, including state symbols, for the complete combustion of
butane (C,H,,).

Thinking Working

Add oxygen as a reactant and carbon
dioxide and water as the products.

C,H,,+0, — CO,+H,0

Balance carbon and hydrogen C,H,, +0, — 4C0, + 5H,0
atoms, based on the formula of
the hydrocarbon.
Find the total number of oxygen atoms | Total O
on the product side. =4x2)+5
=13

If this is an odd number, multiply all of
the coefficients in the equation by 2,
except for the coefficient of oxygen.

2C,H,, + 0, —> 8CO, + 10H,0

Balance oxygen by adding the
appropriate coefficient to the reactant
side of the equation.

2C,H,, + 130, — 8CO, + 10H,0

Add state symbols. 2C,H (8 + 130,(g) —

8CO,(g) + 10H,0())

Worked example: Try yourself 2.5.1
WRITING EQUATIONS FOR COMPLETE COMBUSTION OF HYDROCARBON FUELS

Write the equation, including state symbols, for the complete combustion of
hexane (C,H, ).

90 AREA OF STUDY 1 | WHAT ARE THE CURRENT AND FUTURE OPTIONS FOR SUPPLYING ENERGY?



A similar series of steps can also be used to write the combustion equations for

other carbon-based fuels that contain oxygen, for example, alcohols.

Worked example 2.5.2

WRITING EQUATIONS FOR COMBUSTION REACTIONS OF ALCOHOLS

liquid ethanol (C,H,OH).

Write the equation, including state symbols, for the complete combustion of

Thinking

Working

Add oxygen as a reactant and
carbon dioxide and water as
the products.

C,H,OH+0, — CO, +H,0

Balance carbon and hydrogen
atoms, based on the formula of the
alcohol.

C,H.OH + 0, — 2CO, + 3H,0

Find the total number of oxygen
atoms on the product side.

Then subtract the one oxygen atom
in the alcohol molecule from the
total number of oxygen atoms on the
product side.

Total O on product side

=(2x2)+3

=7

Total O on product side — 1 in alcohol
=7-1=6

If this is an odd number, multiply all
the coefficients in the equation by 2,
except for the coefficient of oxygen.

C,H.OH + 0, — 2C0O, + 3H,0

Balance oxygen by adding the
appropriate coefficient to the
reactant side of the equation.

C,H,OH + 30, — 2CO0, + 3H,0

Add state symbols.

C,H.OH(l) + 30,(g) — 2C0,(g) + 3H,0()

Worked example: Try yourself 2.5.2
WRITING EQUATIONS FOR COMBUSTION REACTIONS OF ALCOHOLS

of liquid methanol (CH,0H).

Write the equation, including state symbols, for the complete combustion
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0 The heat of combustion is usually
measured at conditions of 298 K
and 100 kPa. This means the water
produced should be shown in the
liquid state.

Only fuels that exist as pure
substances can have their heat of
combustion measured in kJ mol=.

TABLE 2.5.1 Heats of combustion for some
common elements and compounds

Substance Heat of combustion
(kJ mol?%)

methane 890
ethane 1560
propane 2220
butane 2880
octane 5460
methanol 725
ethanol 1360
hydrogen 282
carbon (graphite) 394
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Writing equations for incomplete combustion of fuels

When the supply of oxygen is insufficient, incomplete combustion of fuels occurs.
Equations can also be written to represent this. In general, for the incomplete
combustion of hydrocarbons, as well as carbon-based fuels that contain oxygen,
the products are carbon monoxide and/or carbon and water.

Worked example 2.5.3
WRITING EQUATIONS FOR INCOMPLETE COMBUSTION OF FUELS

Write an equation, including state symbols, for the incomplete combustion
of ethane gas (C,H,). The only carbon product is carbon monoxide.

Thinking Working

Add oxygen as a reactant and carbon
monoxide and water as the products.

C,H,+ 0, —> CO+H,0

Balance the carbon and hydrogen
atoms, based on the formula of
the hydrocarbon.

C,H, + 0, — 2CO + 3H,0

Balance oxygen by adding the
appropriate coefficient to the reactant
side of the equation.

C,H, + %o2 —>2C0 + 3H,0

If oxygen gas has a coefficient that is
half of a whole number, multiply all of
the coefficients in the equation by 2.

2C,H, + 50, —> 4C0 + 6H,0

Add state symbols. 2C,H(g) + 50,(g) — 4CO(g) + 6H,0())

Worked example: Try yourself 2.5.3
WRITING EQUATIONS FOR INCOMPLETE COMBUSTION OF FUELS

Write an equation, including state symbols, for the incomplete combustion
of liquid methanol (CH,0H). The only carbon product is carbon monoxide.

HEAT OF COMBUSTION

The heat of combustion of a fuel can be defined as the heat energy released
when a specified amount (e.g. 1 g, 1 L, 1 mol) of a substance burns completely in
oxygen and is therefore a positive value. It is usually measured under the standard
conditions of 298 K and 100 kPa, which means that the water produced should be
shown in the liquid state. In comparison, the enthalpy of combustion, AH , which
is found in a thermochemical equation, would have a negative value, indicating the
exothermic nature of the combustion reaction.

Many fuels, including wood, coal and kerosene, are mixtures of chemicals and
do not have a specific chemical formula or molar mass. This means their heat of
combustion cannot be expressed in k] mol. Therefore, the heat of combustion of
these fuels are measured only as k] g7 or k] L%

The heats of combustion for some common elements and compounds present
in fuels are listed in Table 2.5.1. Notice that the heats of combustion are written as
positive values, showing the quantity of energy released.

Another term associated with the energy content of fuels is molar enthalpy.
Molar enthalpy is the enthalpy of a substance given per mole and is essentially
the same as enthalpy of combustion for a fuel.

As Worked example 2.5.4 shows, you can use heat of combustion data to
calculate the energy released on combustion of a specified mass of one of the fuels.
The energy released when # mol of a fuel burns is given by the equation:

energy =n X AH_
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Worked example 2.5.4
CALCULATING ENERGY RELEASED BY A SPECIFIED MASS OF A PURE FUEL

Calculate the quantity of energy released when 3.60 kg of pentane (C,H,,)
is burnt in an unlimited supply of oxygen. The molar heat of combustion of
pentane is 3510 kJ mol-1.

Thinking Working

Calculate the number of moles of the n(C.H,,) = m
compound using: ¥ M

m(in grams) _ 360x10°
n=——>=>—-* =
M 72
=50.0 mol
Multiply the number of moles by the Energy =n x AH_
heat of combustion per mole. - 50.0 x 3510
=176x10%kJ

Worked example: Try yourself 2.5.4
CALCULATING ENERGY RELEASED BY A SPECIFIED MASS OF A PURE FUEL

Calculate the quantity of energy released when 5.40 kg of propanol (C,H,0)
is burnt in an unlimited supply of oxygen. The molar heat of combustion of
propanol is 2020 kJ mol-.

Energy content
The energy content of a fuel is often expressed in units of kilojoules per gram.

For a pure substance, the heat of combustion per gram can be calculated by
simply dividing the heat of combustion per mole (k] mol™) by the molar mass of
the substance.

For example, for ethanol:

Heat of combustion per mole = 1360 k] mol™
Molar mass = 46.0 g mol!

Heat of combustion per gram = 1436_6(()) =296K g

For fuels that are mixtures, approximate values for the heat of combustion per
gram are shown in Table 2.5.2.

TABLE 2.5.2 Approximate heat of combustion values for some fuel mixtures

kerosene liquid 18
wood solid 21
diesel liquid 25

black coal solid 25

natural gas gas 30

Energy content per gram can be a useful comparison when determining the
suitability of transport fuels.

Petrol has a higher energy per gram than bioethanol. This means more E10 fuel
is required to produce the same amount of energy as petrol.
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THERMOCHEMICAL EQUATIONS

As you learnt in Section 2.1, thermochemical equations can be used to compare
energy changes. Thermochemical equations include a sign and numerical value for
the energy change that occurs in the reaction. The thermochemical equation for the
complete combustion of propane is:
C,H,(g) +50,(g) — 3CO,(g) +4H,0() AH =-2220Kk]
The above equation tells us:
e the complete combustion of 1 mole of propane gas and 5 moles of oxygen gas
to carbon dioxide and water releases 2220 KJ of energy
* the molar enthalpy of combustion for propane is —2220 kJ mol™
e the reaction is exothermic
» propane is likely to be a useful fuel as the magnitude of the energy change is
relatively high
* the use of propane as a fuel will be associated with greenhouse gas emission
issues, since CO, is a product.

Thermochemical equations and mole ratios
The AH value in a thermochemical equation corresponds to the mole amounts
specified by the equation. If the coefficients in the equation are changed, the AH
value will also change.

For example, the thermochemical equation for the combustion of methanol can
be written as:

CH,OH() + %Oz(g) — CO,(g)+2H,0() AH =726 K]

This means that 726 k] of energy is released when 1 mole of methanol reacts
with 1.5 moles of oxygen gas, to produce 1 mole of carbon dioxide and 2 moles
of water.

If twice as much methanol were to react, then twice as much energy would be
released. So, if the coefficients of the equation are doubled, the AH value is also
doubled:

2CH,0OH() +30,(g) — 2CO,(g) +4H, 0D AH =-1452 K]
If the mole amounts are tripled, the AH value is also tripled:

3CH,0H(l) + 4%02(g> — 3CO,(g) + 6H,0() AH=-2178 K]

Effect on AH of reversing a chemical reaction

Reversing a chemical equation changes the sign but not the magnitude of AH.

For example, methane reacts with oxygen gas to produce carbon dioxide gas
and water in an exothermic reaction:

CH,(g) +20,(g) — CO,(g) +2H,0M) AH =-890 k]

If this reaction is reversed, the magnitude of AH remains the same because the
enthalpies of the individual chemicals have not changed, but the sign changes to
indicate that energy must be absorbed for this reaction to proceed.

CO,(g) + 2H,0() — CH,(g) + 20,(g) AH =+890 k]
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Worked example 2.5.5
CALCULATING AH FOR ONE EQUATION USING ANOTHER EQUATION

Iron reacts with oxygen according to the equation:
3Fe(s) + 20,(g) — Fe,0,(s) AH=-1121 kJ
Calculate AH for the reaction represented by the equation:
2Fe,0,(s) — 6Fe(s) + 40,(g)

Thinking Working

The reaction has been reversed in the | AH for the second equation is positive.
second equation, so the sign for AH is
changed to the opposite sign.

Identify how the coefficients in the The coefficient for Fe,0, has changed
equation have changed. from 1 to 2, O, has changed from 2
to 4, and Fe has changed from 3 to 6.
They have all doubled.

Identify how the magnitude of AH will The coefficients in the equations

have changed for the second equation. | have all doubled, so AH will also have
doubled.

Calculate the new magnitude of AH. 2x1121

(You will write the sign of AH in the = 2242

next step.)

Write AH for the second equation, AH =+2242 kJ

including the sign.

Worked example: Try yourself 2.5.5
CALCULATING AH FOR ONE EQUATION USING ANOTHER EQUATION

Carbon reacts with hydrogen according to the equation:
6C(s) + 3H,(g) — C,H (8 AH =+49 kJ
Calculate AH for the reaction represented by the equation:

3CH () — 18C(s) + 9H,(8)

THE IMPORTANCE OF STATES

Enthalpy changes also occur during physical changes, so thermochemical equations
can be written for physical changes. Boiling water is an example of a physical
change. It is an endothermic process, because heat must be applied to liquid water
to convert it into steam. The thermochemical equation for this reaction is:

H,0(1) — H,0(g) AH =+40.7 K]

The AH value is positive because this is an endothermic reaction.

The thermochemical equation for the combustion of propane was shown above.
You can see in the two equations below that the enthalpy value quoted depends
upon whether the water produced is shown as a gas or a liquid.

C,H,(g) +50,(g) — 3CO,(g) +4H,0(g) AH =-2057 K]
C,H (g) +50,(g) — 3CO,(g) +4H,0() AH=-2220K]

By convention, heats of combustion are calculated at standard laboratory
conditions (298 K and 100kPa) with combustion products being CO,(g) and
H,O®.
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CASE STUDY .\, T-\A £ 3

Explosives—a blast of chemical energy

Humans have been using chemicals to make explosions
since 919 BCE. In China, people first mixed saltpetre
(potassium nitrate), sulfur and charcoal with explosive
results. They quickly realised that there were many
uses for this mixture, which later became known as
gunpowder. It was put to military use and eventually led
to the development of bombs, cannons and guns.

Today, explosives are an essential tool for mining and
other engineering works, such as road construction,
tunnelling, building and demolition (Figure 2.5.3).

Explosives transform chemical energy into large
quantities of thermal energy very quickly. Although
thermal energy is also released when fuels such as petrol
and natural gas burn, the rate of combustion in these
reactions is limited by the availability of oxygen gas to the
fuel. In contrast, the compounds making up an explosive
contain sufficient oxygen for a complete (or almost
complete) reaction to occur very quickly.

When chemical explosives, such as ammonium nitrate,
trinitrotoluene (TNT) and nitroglycerine decompose, they
release large quantities of energy and gaseous products
very quickly.

This is the thermochemical equation for the
decomposition of nitroglycerine:

4C,H.N,O4(I) — 12C0,(g) + 10H,0(g) + 6N,(g) + 0.(g)

AH =-1456 kJ

The equation above highlights a common feature
of most explosives—a solid or liquid reactant being
converted to gaseous products. The gaseous products
form very quickly, requiring a much greater space
between the particles and subsequently ‘exploding’ the
fuel and surroundings.

FIGURE 2.5.3 An old bridge is demolished with the help of explosives.

At atmospheric pressure, the products of this reaction
would expand to fill a volume more than 10000 times
larger than the volume of the reactants! During a blast,
this gas is usually produced within a small hole into
which the liquid explosive has been placed, creating huge
pressures that shatter the surrounding rock or structure.

Analysis

1 s this reaction exothermic or endothermic? Justify
your answer.

2 What is the ratio of moles of products to moles of
reactants? How does this make the reaction suitable
for a chemical explosion?

3 How much energy would be produced if 8 moles of
nitroglycerine were reacted?

4 Explain why this highly explosive reaction can only be
started using some type of trigger.
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2.5 Review

The products of the complete combustion of
hydrocarbons and carbon-based fuels containing
oxygen are carbon dioxide and water.

Incomplete combustion occurs when hydrocarbons
and carbon-based fuels containing oxygen undergo
combustion in a limited supply of oxygen. The
products of incomplete combustion include carbon
monoxide and/or carbon and water.

A number of related terms are used when
comparing fuels.

General terms

Enthalpy: the chemical energy of a substance
Enthalpy change: difference in chemical energy of
the products compared to the reactants

Molar enthalpy: the enthalpy of a substance given
per mole

Specific term for combustion reactions

Heat of combustion (of a fuel): the heat energy
released when a specified amount (e.g. 1 g, 1 L,

1 mol) of a substance burns completely in oxygen
Enthalpy of combustion, AH : a negative value
which has the same numerical value as the heat of
combustion

Heats of combustion indicate the maximum quantity
of energy that can be released when a specified
amount of fuel undergoes complete combustion.
Common units are kJ mol! and kJ g1. Because
these values are a measure of the quantity of energy
released, they have a positive value when tabulated.

KEY QUESTIONS

Knowledge and understanding

1

Write a balanced chemical equation for the complete
combustion of liquid benzene (C,H).

Write a balanced equation for the incomplete
combustion of ethanol (C,H,0H) when carbon
monoxide is formed.

When pentane, C5H12, combusts, it reacts with oxygen
to form carbon dioxide and water. When 1 mole of
pentane combusts, 3509 kJ of energy is released.
Write a balanced thermochemical equation for this
reaction.

The quantity of energy released by different fuels
can be compared using their heats of combustion.
For a pure fuel with a heat of combustion measured
in kJ mol-, the energy released when n mol of the
fuel burns can be calculated by the equation:
Energy = n x heat of combustion
Combustion reactions are exothermic reactions that
can be represented by balanced thermochemical
equations. Combustion reactions have a negative AH
value.
Reversing an equation causes the sign of AH to
change, as the reaction changes from exothermic to
endothermic, or vice versa.
Doubling the coefficients in a chemical reaction
causes the AH value to also double, as twice as
many reactants react to produce or absorb twice as
much energy.
States of matter must be included in thermochemical
equations because changes of state involve enthalpy
changes.
Heat of combustion data tables can be used
to determine the enthalpy change, AH, in a
thermochemical equation.

A data book lists the heat of combustion of
propan-1-ol as 2021 kJ mol-1. Determine the
heat of combustion of propan-1-ol in kJ g%

Use the information in Table 2.5.1 to calculate the
quantity of energy released when the following
quantities of fuel undergo complete combustion.
a 250 g of methane

b 9.64 kg of propane

¢ 403 kg of ethanol

Define the term ‘heat of combustion’.

continued over page
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2.5 Review continued

Analysis

7

8

a Which will release the most energy — complete or
incomplete combustion of propane?
b Explain your answer to part a.

The thermochemical equation for photosynthesis can
be represented as:
6CO,(g) + 6H,0() — C.H, ,0.(aq) + 60,(g)
AH =+2803 kJ
a Determine whether this reaction is endothermic or
exothermic. Give a reason for your answer.
b Consider a new reaction that reversed and halved
the above reaction. Calculate the energy change of
the new reaction that is written below:

$C4H,.05(ac) + 30,(8) —> 300,(g) + 3H,00)

The combustion of octane to form carbon dioxide and
liquid water can be written as:

CaHia(8) +1250,(8)—>8CO, (@) + 9H, 0()

AH =-5450 kJ
The combustion of octane to form carbon dioxide and
steam can be written as:

Cahha(8) +1250,(2) —8CO,(8) + 9H, 0(@)

The thermochemical equation for the reaction in
which liquid water turns into steam is:

H,0() — H,0(g) AH = +40.7 kJ
How would the energy released by the combustion
of 1 mole of octane to form steam compare with the
energy released by 1 mole of octane to form liquid
water?
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Chapter review

KEY TERMS

activation energy
alkane

anaerobic
biodiesel
bioethanol

biofuel

biogas

biomass
carbohydrate
carbon neutral
catalyst

cellular respiration
cellulose

chemical energy
combustion
complete combustion
distillation
endothermic
energy content

REVIEW QUESTIONS

energy profile diagram

energy value

enthalpy

enthalpy change

enthalpy of combustion,
AH_

enzyme

exothermic

fats

fermentation

fossil fuel

fractional distillation

fuel

heat content

heat of combustion

homologous series

hydrocarbon

incomplete combustion

joule

Knowledge and understanding
1 Which of the following fuels is used more

commonly for transport than electricity generation?

A coal

B biodiesel
C natural gas
D biogas

2 Which one of the following is a renewable form of

energy?
A natural gas
B petrol

C gas generated from animal manure
D electrical energy produced in a coal-fired

power station where the emissions are stored

underground

3 Select the correct statement about E10 fuel.
A E10 does not produce carbon-containing

emissions.

B E10 will be less soluble in water than petrol.
C Reserves of E10 are limitless.
D E10 has a lower energy density than petrol.

metabolise
molar enthalpy
natural gas
non-renewable
nutrient
oxidation
petrodiesel
photosynthesis
protein
renewable fuel
renewables
respiration
sustainable
thermochemical
equation
transesterification
triglyceride

4 Which one of the following is correct about the energy
profile diagrams of both endothermic and exothermic
reactions?

A There is always less energy absorbed than released.

B The enthalpy of the products is always less than the
energy of the reactants.

C Some energy is always absorbed to break bonds in
the reactants.

D The AH value is the difference between the enthalpy of
the reactants and the highest energy point reached on
the energy profile.

5 Label each of the following as exothermic or
endothermic.
a ice melting to water
b candle burning
¢ reaction that causes the surroundings to drop in
temperature
d reaction with a negative value of AH

6 Explain why fossil fuels are considered to be non-
renewable.

7 Calculate the quantity of energy released from complete
combustion of:
a 0.740 mol of ethanol
b 12.0 g of ethanol.
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11

12

13

14

15

The combustion of hydrogen is an exothermic reaction:

a lIdentify the bonds which need to be broken for a
reaction to occur.

b Identify the bonds which are formed in the reaction.

¢ State which quantity is greater for this reaction—
the energy required to break bonds or the energy
produced from bonds that are formed?

d Explain whether this reaction will increase or
decrease the temperature of the surroundings.

a Write a balanced overall equation for the
photosynthesis reaction.

b Name the important molecule produced in plants by
photosynthesis.

¢ Write a balanced overall equation for the process of
aerobic respiration.

a Name two common feedstocks that can be used to
produce bioethanol.

b Write a balanced equation for the fermentation
process.

¢ What is the role of a distillation column in the
production of bioethanol?

Write a thermochemical equation for the complete
combustion of ethanol.

Refer to Table 2.2.1 on page 74, which lists the typical

composition of biogas.

a Which two gases form the largest percentage of a
typical biogas sample?

b Why might there be variations in the percentage of
gases making up different samples of biogas?

Identify whether each of the following statements

related to activation energy is true or false.

a Activation energy is the energy required to break
bonds in the reactants.

b The activation energy of the forward reaction equals
that of the reverse reaction.

¢ The magnitude of the activation energy is always
greater than the enthalpy change.

d All fuels have very low activation energies.

Explain why reversing a chemical reaction reverses
the sign of AH.

The combustion of butane gas in portable stoves can
be represented by the thermochemical equation:
2C,H (8 + 130,(g) — 8CO,(g) + 10H,0(l)
AH =-5772 kJ

a How does the overall energy of the bonds in the
reactants compare with the overall energy of the
bonds in the products?

b Draw an energy profile diagram for the reaction,
labelling AH and activation energy.

16 a Write a balanced chemical equation for the
complete combustion of propanol (C,H,0H).
b Write a balanced chemical equation for the
incomplete combustion of pentane (C,H,,) where
carbon monoxide is formed.

Application and analysis

17 A sample of biodiesel has been prepared using
palmitic acid (C,.,H,,COOH) and methanol. Write a
balanced equation for the complete combustion of this
biodiesel.

18 The combustion reaction of ethyne gas that

occurs during welding can be represented by the
thermochemical equation:

2C,H,(g) + 50,(g) — 4CO(g) + 2H,0(l) AH =-2619 kJ
a Is this reaction endothermic or exothermic?
b What would the new value of AH be if the equation

was now written as follows?
4C,H,(g) + 100,(g) — 8CO(g) + 4H,0(!)

19 According to a data table, the heat of combustion
of hydrogen is 286 kJ mol*. Write a balanced
thermochemical equation for the complete combustion
of hydrogen.

20 Explain why biodiesel made from canola oil is
sometimes described as a ‘carbon-neutral’ fuel. Use a
chemical equation to support your answetr.

21 Use the terms ‘methane’, ‘oxygen’, ‘bacteria’ and
‘carbon dioxide’ to explain the formation and
composition of biogas.

22 Trials are being conducted to source biogas from
cheese. A prototype plant in England uses the whey
left over from cheese production. Bacteria act on
this cheese waste in anaerobic conditions to produce
biogas. Classify the following as advantages or
disadvantages of large-scale production of biogas from
cheese waste.

fewer particulate emissions than natural gas

renewable

less reliance on fossil fuels

can only be used on-site

fewer net CO, emissions than natural gas

raw material needs to be heated in winter

lower sulfur content than natural gas

the cheese waste was previously used as a fertiliser.

>0 0o o 6 T o
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23 The energy profile diagram below shows the relative 24 a Calculate the energy available from 1 kg of each of

enthalpies, on an arbitrary scale, of the reactants and the following fuels, using the information provided in
products of a chemical reaction. Table 2.5.1 on page 92.
100 ] | octane, C;H .
ii butane, C,H ,
. iii ethane, C,H,
% 300 reactants b Use the results of your calculations in part a to
S describe the trend in heats of combustion (in kJ/kg)
= in the alkane homologous series.
2 200 |
= 25 In a steelworks, carbon monoxide present in the
E products exhaust gases of the blast furnace can be used as
100 a fuel elsewhere in the plant. It reacts according to
the equation:
0 — COg) + %Oz(g) —> CO,(g) AH = —283 K/
0 eaction progress
a Which has the greater total enthalpy: 1 mol of CO(g)
a Is the reaction exothermic or endothermic? and 0.5 mol of O,(g), or 1 mol of CO,(g)?
b What is the value of the activation energy of the b Write the value of AH for the following equations:
forward and reverse reactions? i 2C0(g) + 0,(g) — 2C0,(8)
¢ What is the value of AH of the reverse reaction? ii 2C0,(g) — 2CO(g) + 0,(g)
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CHAPTER

@ Obtaining energy from fuels

Energy released by the combustion of fuels is used for everyday activities like
heating, cooking and the generation of electricity. Humans also consume food each
day to obtain fuel for movement and all the functions of the body.

While we depend on the energy obtained from fuels, their combustion also
releases gases such as carbon dioxide and water vapour, which are both
greenhouse gases. An increase of these in the atmosphere has serious
environmental implications.

In this chapter, you will learn about the energy content in fuels and food. You will
learn how to calculate the amount of useful energy produced when a certain mass
of a fuel or food undergoes combustion, and you will also learn how to calculate
the mass and volume of products such as the major greenhouse gases.

Key knowledge

« determination of limiting reactants or reagents in chemical reactions 3.2

« calculations related to the application of stoichiometry to reactions involving
the combustion of fuels, including mass—mass, mass—volume and volume-—
volume stoichiometry, to determine heat energy released, reactant and product
amounts and net volume or mass of major greenhouse gases (CO,, CH, and
H,0), limited to standard laboratory conditions (SLC) at 25°C and 100 kPa 3.1

the use of specific heat capacity of water to approximate the quantity of heat
energy released during the combustion of a known mass of fuel and food 3.3

the principles of solution calorimetry, including determination of calibration
factor and consideration of the effects of heat loss; analysis of temperature—
time graphs obtained from solution calorimetry 3.4

energy from fuels and food:

- calculation of energy transformation efficiency during combustion as a
percentage of chemical energy converted to useful energy 3.5

- comparison and calculations of energy values of foods containing
carbohydrates, proteins and fats and oils. 3.5

VCE Chemistry Study Design extracts © VCAA (2022); reproduced by permission.
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3.1 Stoichiometry involving
combustion of fuels

The ability to measure and predict quantities involved in chemical reactions is a very
important part of chemistry. One way in which scientists evaluate fuels is through
comparison of quantities of chemicals involved in combustion reactions, as well as
quantities of energy released. For example, the ethanol produced from corn in the
processing plant shown in Figure 3.1.1 can be compared to petroleum through
calculations of how much oxygen is required for complete combustion, the
amount of atmospheric pollution the fuels will produce and the heat energy released
per gram of fuel. In this section, you will learn about these types of calculations, all
of which rely on an understanding of the mole concept.

FIGURE 3.1.1 A corn ethanol processing plant. Ethanol is a biofuel that is used as an alternative to
petroleum. The concepts taught in this section allow you to calculate the mass of oxygen required to
combust a given mass of ethanol, the mass of carbon dioxide (a greenhouse gas) produced, as well
as the energy released.

STOICHIOMETRY AND QUANTITIES OF CHEMICALS

The calculations involved in determining the quantity of a reactant or product from
another reactant or product use stoichiometry. Stoichiometry is the study of mole
ratios of substances and is based on the law of conservation of mass.

A chemical reaction involves the rearrangement of pre-existing atoms; atoms
are neither created nor destroyed. This means the total mass of all products is equal
to the total mass of all reactants.

Consider the equation for the reaction that occurs when methane (CH,) burns
in oxygen:

CH,(g) +20,(g) — CO,(g) + 2H,0(g)

The coeflicients used to balance the equation show the mole ratio between
the reactants and products involved in the reaction. The equation indicates that
1 mole of CH,(g) reacts with 2 moles of O,(g) to form 1 mole of CO,(g) and
2 moles of H,0O(g). Examples of what this means in more general terms are:

e the amount of oxygen required to react with the methane will be double the
amount of methane used

e the amount of carbon dioxide produced will be the same as the amount of
methane that reacted.

These mole ratios can be expressed in formulas:

n(0,) =£ and n(CO,) =l
n(CH,) 1 n(CH,) 1
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MOLE THEORY

The mole

The mole is a unit used by chemists for counting particles.
One mole contains exactly 6.022140772 x 1023 particles.
We usually round this off to 6.02 x 102 particles. This
number is called Avogadro’s constant and is given the
symbol N,.

The symbol for the amount of a substance measured in
moles is n. The unit is mol.

A useful relationship links the amount of a substance (n),
in mol, Avogadro’s constant (N,) and the number of
particles in a substance (N):

ho N
N,
Where needed, this relationship can be rearranged to:
N=nxN,

Mass

Chemists often use mass, measured in grams, to measure
an exact amount, in mol, of an element or compound.
The molar mass of an element or compound is the
mass of 1 mole of the element or compound. The amount
of a substance (n), in mol, is related to the mass of the
substance (m), in g, and its molar mass (M) in g mol™, by

the formula:

m
n=—
M

This relationship can be rearranged to:

m
m=nxMorM=—
n

Volume of gases

Quantities of gases are often measured using volume,
measured in litres. The same amount, in mol, of different
types of gases will occupy the same volume if pressure
and temperature are the same. The molar volume of a gas
is the volume of 1 mole of the gas. At standard laboratory
conditions (SLC) of 100 kPa and 25°C, the molar volume
has been determined to be 24.8 L mol-. A useful
relationship links the amount of a gas (n), in mol, its molar
volume (V) in L mol™, and the volume occupied by the
gas (V) in L:

n=—
/4

Where needed, this relationship can be rearranged to:
V=nxV_
24.8 L mol™! can be substituted into either formula for V_
if the gas is at SLC.

__________________________________________________________________________________________

In general, for stoichiometric calculations you will be given, or will be able to

The coefficients used to balance

work out, the number of moles of one chemical in the reaction (called the ‘known
chemical’). This can then be used with the mole ratio to determine the number of
moles of one of the other reactants or products involved in the reaction (called the
‘unknown chemical’).

chemical equations show the mole
ratio between the reactants and
products involved in the reaction.

The mole ratio can be written:

n(unknown chemical)  coefficient of unknown chemical

n(known chemical) coefficient of known chemical

MASS-MASS STOICHIOMETRY

When a reaction is carried out in a laboratory, quantities of chemicals are often
measured in grams, not moles. As stoichiometry uses a mole ratio, the amount, in
mol, of the known chemical must first be calculated from its mass using the formula:
m
n=—
M
After the mole ratio has been used to determine the amount, in mol, of the
unknown chemical, the mass of the unknown chemical is calculated by rearranging
the formula to:
m=nxM
When the unknown and the known in a stoichiometric calculation are both
masses, the calculation is known as mass—mass stoichiometry.
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Calculating the mass of carbon dioxide produced in a
combustion reaction

Stoichiometry can be combined with your knowledge of combustion reactions to
find the mass of carbon dioxide produced.

There are several steps involved in calculating the mass of carbon dioxide
produced based on the mass of fuel that undergoes combustion. The mass of fuel

is the known chemical and carbon dioxide is the unknown.
1 Write a balanced chemical equation for the reaction.
2 Calculate the number of moles of the fuel from its mass.

3 Find the mole ratio from the coefficients in the chemical equation to calculate
the number of moles of carbon dioxide produced.

4 Calculate the mass of carbon dioxide produced.

Figure 3.1.2 provides a flow chart that summarises this process. Worked
example 3.1.1 will help you understand these steps.

from coefficients in

chemical equation

moles of known substance ()

mass of known substance (1)

moles of unknown substance (n)

m=nXM

mass of unknown substance (m)

FIGURE 3.1.2 A flow chart for mass—mass stoichiometric calculations is helpful when solving these

types of problems.

Worked example 3.1.1

MASS-MASS STOICHIOMETRIC PROBLEMS

(C,Hy) burns completely in oxygen.

Calculate the mass of carbon dioxide, in kg, produced when 540 g of propane

coefficient of known

Thinking Working
Write a balanced equation for the reaction. C,Hy(g) + 50,(8) —
3CO,(g) + 4H,0(g)
As the quantity of the known substance is C.H.) = 540
given in g, calculate the number of moles n(CsHs) = 44.0
of the known substance using: ~ 123 mol
petl |
Y

Find the mole ratio: n(Co,) 3

coefficient of unknown n(CHg) 1

Calculate the number of moles of the
unknown substance using:

n(CO,) = %x 123

n(unknown) = mole ratio x n(known) = 36.8 mol

Calculate the mass of the unknown m(CO,) = 36.8 x 44.0

substance using: =1620 g
m=nxM =1.62 kg

Worked example: Try yourself 3.1.1

SOLVING MASS-MASS STOICHIOMETRIC PROBLEMS

(C,H,,) burns completely in oxygen.

Calculate the mass of carbon dioxide, in kg, produced when 3.60 kg of butane
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MASS-VOLUME STOICHIOMETRY

Stoichiometric calculations that follow the same general pattern can also be used to
calculate the volume of oxygen required to combust a fuel and the volumes of gases
produced by the reactions. When the known in a stoichiometric calculation is a mass
and the unknown is a volume of a gas, the calculation is known as mass—-volume
stoichiometry. The number of moles of the known substance (often mass of fuel)
is calculated from data that is given to you, the mole ratio from the coefficients in
the equation is used to find the number of moles of the unknown chemical, and the
desired quantity of the unknown substance is then calculated. This is summarised
in Figure 3.1.3.

mass of known n=T" mass of unknown
substance (g) M m=nxM substance (g)

n _1 from

volume of known A moles of known | coefficients | mgjes of unknown | V=71 X V. |volume of unknown

s EREIE L) substance (n) | in chemical substance (n) gas at SLC (L)

n=bY equation y="RT

RT P

kr:lc?\l/\lljr:ngea(s)gt volume of unknown
non-standard gas at ngrl-standard
conditions (L) conditions (L)

FIGURE 3.1.3 Stoichiometric calculations generally follow the steps shown in the flow chart.
Calculating the number of moles and using a mole ratio from a balanced chemical equation are
central to all stoichiometric calculations.

Worked example 3.1.2 shows how to calculate the volume of carbon dioxide
under standard laboratory conditions, SLC, produced from a known mass of
fuel. Standard laboratory conditions for a gas indicate that the gas has a pressure of
100 kPa and that the temperature is 298 K (25°C).

Worked example 3.1.2
MASS-VOLUME STOICHIOMETRIC CALCULATIONS AT SLC

Calculate the volume of carbon dioxide, in L, produced when 2.00 kg of propane
(C,H,) is burned completely in oxygen. The gas volume is measured at SLC.

Thinking Working

Write a balanced chemical equation C,Hg(®) + 50,(g) — 3CO,(g) + 4H,0()
for the reaction.

As the quantity of the known C.H.) = 2000
substance is a mass, calculate the n(CsHe) = 44.0
number of moles of the known
o =45.5 mol
substance using:
pom
M
Find the mole ratio: n(CO,) _3
coefficient of unknown n(CHg) 1

coefficient of known

Calculate the number of moles of the

3
unknown substance using: n(CO,) = 1 x45.5

n(unknown) = mole ratio x n(known) =136 mol

Calculate the volume of the unknown V(CO,) = 136 x 24.8
substance using: -3382 L

V=nxV_ -338x10°L
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0 When all species in a chemical
equation are in the gaseous state,
and the temperature and pressure are
constant, the mole ratio will also be a
volume ratio.

Worked example: Try yourself 3.1.2
MASS-VOLUME STOICHIOMETRIC CALCULATIONS AT SLC

Calculate the volume of carbon dioxide, in L, produced when 300 g of butane
(C,H,p) is burned completely in oxygen. The gas volume is measured at SLC.

GAS VOLUME-VOLUME CALCULATIONS

For chemical reactions where all reactants and products are gases, it is often more
convenient to measure reactant volumes rather than masses. When the unknown
and the known in a stoichiometric calculation are both gas volumes, the calculation
is known as volume-volume stoichiometry.

All gases occupy equal volumes measured at the same temperature and pressure.
Therefore, the mole ratios of gases will also be volume ratios if temperature and
pressure are kept constant.

For example, the reaction between propane gas and oxygen can be represented
by the equation:

C,H (g) + 50,(g) — 3CO,(g) +4H,0(g)

This equation tells us that 1 mole of propane reacts with 5 moles of oxygen
gas to produce 3 moles of carbon dioxide and 4 moles of water vapour. As every
reactant and product is in the gaseous state, the ratio also tells us that 1 litre of
propane gas reacts with 5 litres of oxygen gas to produce 3 litres of carbon dioxide
and 4 litres of water vapour at constant temperature and pressure.

Worked example 3.1.3
GAS VOLUME-VOLUME CALCULATIONS

Methane gas (CH,) is burned in a gas stove according to the following equation:
CH,(g) + 20,(g) — CO,(g) + 2H,0(g)

If 50 mL of methane is burned, calculate the volume of O, gas required for
complete combustion of the methane under constant temperature and pressure
conditions.
Thinking Working
Find the mole ratio: n,) 2

coefficient of unknown n(CH) 1

coefficient of known

The temperature and pressure are V@, 2
constant, so volume ratios are the same | y(CH,) =1
as mole ratios.
Calculate the volume of the unknown 2
substance using: V(O,) =7 x50
V(unknown) = mole ratio x V(known) =100 mL

Worked example: Try yourself 3.1.3
GAS VOLUME-VOLUME CALCULATIONS

Methane gas (CH,) is burned in a gas stove according to the following equation:
CH,(g) + 20,(g) — CO,(g) + 2H,0(g)

If 50 mL of methane is burned in air, calculate the volume of CO, gas produced
under constant temperature and pressure conditions.
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STOICHIOMETRY AND QUANTITY OF ENERGY RELEASED

The quantity of energy released when a fuel undergoes combustion is directly
proportional to the amount of fuel used. In Figure 3.1.4, the bonfire contains more
fuel than the match, so the bonfire releases far more energy. We also know that
doubling the quantity of petrol in a car allows a car to travel twice as far.

il

FIGURE 3.1.4 The amount of energy released by a bonfire is far greater than the amount of energy
released by the burning of a single match.

We can use a thermochemical equation and the principles of stoichiometry to
calculate the energy released by the combustion of specified quantities of fuel. The
use of a thermochemical equation means energy released can be calculated and
compared under different conditions.

Combustion and energy

The quantity of energy obtained from the combustion of a fuel depends on:
e the type of fuel

e the amount of fuel

e whether complete combustion or incomplete combustion is involved.

The thermochemical equations for the complete combustion of methane and
pentane are shown below. Complete combustion occurs when there is a plentiful
oxygen supply.

methane:  CH,(g) +20,(g) — CO,(g) + 2H,0() AH =-890 k]

pentane:  C.H, (g) +80,(g) — 5CO,(g) + 6H,O(1) AH=-3509 kJ

The equations show that the equal amounts of different fuels release different
quantities of energy. The combustion of 1 mole of pentane releases more energy
than the combustion of 1 mole of methane.

Incomplete combustion occurs when the oxygen supply is limited, and
carbon monoxide is formed rather than carbon dioxide. The complete combustion
of a fuel releases more energy than incomplete combustion of the same fuel. For
example, for ethane:

complete combustion:  2C,H (g) + 70,(g) — 4CO,(g) + 6H,O)

AH=-3120Kk]
incomplete combustion: 2C,H (g) + 50,(g) — 4CO(g) + 6H,O01)
AH =-1989 k]

Calculating energy change from thermochemical equations

The coefficients of the reactants in a thermochemical equation indicate the amount,
in moles, of each substance that reacts or is produced to give the specified enthalpy
change, AH.

For example, the thermochemical equation for the complete combustion of
ethane indicates that 3120 k] of energy is released by the reaction of 2 moles of
ethane with 7 moles of oxygen.

Worked examples 3.1.4 and 3.1.5, on the following pages, show you how to use
a thermochemical equation to calculate the energy released by the combustion of
different amounts of fuels or the amount of fuel required to produce a specified
quantity of energy.

Complete combustion produces
carbon dioxide and water as products.
Incomplete combustion forms carbon
monoxide and sometimes carbon.

The coefficients of the reactants in a
thermochemical equation indicate the
amount, in moles, of each substance
that react to give the enthalpy change,
AH, specified in the equation.
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Worked example 3.1.4

USING A THERMOCHEMICAL EQUATION TO CALCULATE ENERGY RELEASED BY

THE COMBUSTION OF A FUEL

complete combustion.

Calculate the heat energy released, in MJ, when 10.0 kg of octane undergoes

substance using:

n=—
M

2C4H 4(1) + 250,(g) — 16C0,(g) + 18H,0() AH =-10900 kJ
Thinking Working
As the quantity of the known 100x103
substance is a mass, calculate the n(CgHie) = 114.0
number of moles of the known
=87.7 mol

Using the thermochemical equation,
find the relationship between the
number of moles of fuel burned
and energy released.

x kJ is released by 87.7 mol
10900 kJ is released by 2 mol

Calculate the energy released by the
fuel in kilojoules.

By proportion:

x 877
10900 2
x =877 410900
= 478070 kJ

Convert the energy released to MJ
using:

1 MJ=10%kJ
Express the answer to the correct
number of significant figures.

10.0 kg of octane in question has

3 significant figures. Therefore,

3 significant figures are given in the
answer.

478070 kJ =478 MJ (to 3 significant
figures)

Worked example: Try yourself 3.1.4

USING A THERMOCHEMICAL EQUATION TO CALCULATE ENERGY RELEASED BY
THE COMBUSTION OF A FUEL

Calculate the heat energy released, in MJ, when 10.0 kg of ethane undergoes
complete combustion.

2C,H.(g) + 70,(g) — 4CO0,(g) + 6H,0(l) AH =-3120 kJ

Worked example 3.1.5

USING A THERMOCHEMICAL EQUATION TO CALCULATE THE AMOUNT OF FUEL
THAT MUST BE BURNED TO PRODUCE A PARTICULAR AMOUNT OF ENERGY

What volume of methane, measured at SLC, burns completely to provide
4.00 x 10* kJ?

CH,(g) + 20,(g) — CO,(g) + 2H,0() AH = -890 kJ
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Thinking Working

Using the thermochemical equation, x mol releases 4.00 x 10% kJ
write a relationship between the 1 mol releases 890 kJ
number of moles of fuel burned and
energy released.

Calculate the amount of the fuel that . x_ 4.00x10*
was burned to produce the energy. By proportion: == —2o7
_4.00x10* <1
890
=44.9 mol
Calculate the volume of the fuel, V(CH) =nxV_
at SLC. =449 x 24.8
=1115L
=1.11x10%L

Worked example: Try yourself 3.1.5

USING A THERMOCHEMICAL EQUATION TO CALCULATE THE AMOUNT OF FUEL
THAT MUST BE BURNED TO PRODUCE A PARTICULAR AMOUNT OF ENERGY

What volume of methane, measured at SLC, burns completely to provide
5.00 x 103 kJ?

CH,(g) + 20,(g) — CO,(g) + 2H,0(1) AH =-890 kJ

COMBUSTION AND GREENHOUSE GASES

All carbon-based fuels undergo combustion to produce the greenhouse gases
carbon dioxide and water. A greenhouse gas is a gas that can absorb infrared
radiation. Human activities such as combustion of fuels are increasing the presence
of greenhouse gases in the atmosphere, which is contributing to an enhanced
greenhouse effect that causes global warming. As the amount of greenhouse
gases in the atmosphere increases, more heat is trapped closer to Earth, as seen in
Figure 3.1.5.

Human-enhanced greenhouse effect

less heat escapes

into space

FIGURE 3.1.5 Human activities are increasing the amount of greenhouse gases in the atmosphere,
leading to an enhanced greenhouse effect.

Energy production in
Australia

Many Australian power stations, like the
one in the figure below, produce energy
from the combustion of brown and
black coal. These combustion reactions
produce tonnes of carbon dioxide

on a daily basis, which is released

into the atmosphere. Recent global
climate change negotiations among
developed nations, including Australia,
have focused on pledges to reduce

the amount of carbon dioxide emitted
during the production of energy due

to carbon dioxide being a significant
greenhouse gas. Stoichiometry allows
chemists to usefully predict and
compare the mass and volume of
carbon dioxide emissions produced by
similar quantities of different fuels.

In recent years, a number of Australian
states have accelerated plans to

close coal-fired power stations due

to pressure from cleaner and lower-
cost energy generation, including
renewable options like solar, wind and
batteries. Although these are economic
pressures, they have the added benefit
of reducing gases released to the
atmosphere.

[t is useful to be able to compare the
amount of carbon dioxide emissions
produced during the production of energy
from the combustion of different fuels.
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CO,, CH, and H,0 are major
greenhouse gases.

For the majority of fuels, the quantities of carbon dioxide and water produced
represent the net mass or volume of greenhouse gases added to the atmosphere
when those fuels undergo combustion.

Methane, CH,, a fuel which is a constituent of both natural gas and biogas, is
also a greenhouse gas. In fact, methane is far more potent than both carbon dioxide
and water, having a significantly greater warming power than carbon dioxide over
the first 20 years after it reaches the atmosphere. Recent observations of methane
levels from satellites have shown substantial quantities of methane escaping from
landfills and coal mines around the world, as well as from agriculture and even
home kitchens.

Capturing the methane produced by agricultural animals or decomposition of
organic matter in landfill and using it as a biogas in combustion reactions does
increase the net volume of carbon dioxide released to the atmosphere, but it also
reduces the volume of the more potent methane. Worked example 3.1.6 shows
you how to calculate the net volume of greenhouse gases released when methane
undergoes combustion.

Worked example 3.1.6
CALCULATING THE VOLUME OF GREENHOUSE GASES RELEASED

What is the volume of greenhouse gases released when 1.5 L of methane (CH,)
undergoes complete combustion in oxygen? Assume all reactants and products
are in the gaseous state, and the temperature and pressure remain constant.

Thinking Working

Write a balanced chemical equation CH,(g) + 20,(g) — CO,(g) + 2H,0(g)
for the reaction.

Identify the volume ratio between V(greenhouse gases) 3

methane and greenhouse gases V(CH,) 1
produced (CO, and H,0).

Calculate the volume of greenhouse 3
g V(greenhouse gases) = —xV(CH,)

gases produced. 1
= % x1.5
=45L
Establish the final volumes of V(CH)=0L
greenhouse gases released. V(CO, + H,0)=4.5 L

Worked example: Try yourself 3.1.6
CALCULATING THE VOLUME OF GREENHOUSE GASES RELEASED

What is the volume of greenhouse gases released when 10.8 L of methane (CH,)
undergoes complete combustion in oxygen? Assume all reactants and products
are in the gaseous state, and the temperature and pressure remain constant.
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Bioethanol as a fuel for cars to reduce greenhouse gases

Ethanol, C,H.OH, can be used as a fuel in cars as an
alternative to octane (petrol) or as part of a blend with
petrol. As with octane, C,H ,, ethanol produces the
greenhouse gases carbon dioxide and water when it
undergoes complete combustion. However, when the
ethanol is obtained from plant sources it is known as
bioethanol and its use has greatly reduced net greenhouse
gas emissions. As you learnt in Chapter 2, bioethanol is
produced from the fermentation of glucose derived from
cropping plants such as sugarcane or corn. As the crops
grow, they remove carbon dioxide from the atmosphere
for the process of photosynthesis, the chemical reaction
that produces glucose in plants according to the equation:
6CO,(g) + 6H,0(l) — C.H ,0.(aq) + 60,(g)

This removal of carbon dioxide from the atmosphere
offsets the release of carbon dioxide when the ethanol is
burnt in cars. The net greenhouse emissions are lower
than when petrol obtained from fossil fuels is burnt.

The largest bioethanol producer in Australia is in Nowra
on the NSW South Coast (Figure 3.1.6). Australia has
the capacity to make approximately 440 million litres of
ethanol annually, with nearly 70% of this manufactured
at the Nowra facility. The manufacturing process uses a
distillery that produces ethanol through the fermentation

of glucose sourced from starch. At the Nowra facility,
starch is a by-product of the production of flour from
wheat, which is the main manufacturing process at the
Nowra site.

The enthalpy of combustion of ethanol is —1360 kJ mol*
at SLC.

Analysis

1 Write a balanced thermochemical equation that
represents the complete combustion of ethanol.

2 a What mass of carbon dioxide, in kg, would be
formed if 1.00 kg of ethanol reacts?
b What volume of carbon dioxide would be formed
from 1.00 kg of ethanol at SLC?

3 a If the density of ethanol is 0.785 g mL, calculate
the mass of ethanol, in kg, in a 50.0 L tank
of the fuel using the formula:

mass (g)

density = ———=—
SNy volume (mL)

b Calculate the energy, in MJ, that can be obtained
from the complete combustion of 50.0 L of ethanol.

4 Calculate the mass, in g, of carbon dioxide formed
when 1.00 kJ of energy is released.

il i'imwu ii

"rv www"; il

FIGURE 3.1.6 An ethanol plant at Nowra in New South Wales
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3.1 Review

+ The coefficients in a balanced equation show the
mole ratio of the amount, in moles, of reactants and
products involved in the reaction.

+ Stoichiometric calculations follow the general steps:
1 Calculate the amount, in moles, of a known

substance from the data given.

Usen—morn—l
M Vv

2 Use the mole ratio from a balanced chemical
equation to determine the amount, in moles, of
the unknown substance.

n(unknown chemical)  coefficient of unknown chemical

n(known chemical)

3 Find the desired quantity of the unknown
substance from its amount, in moles, using
m=nxMorV=nxV_

KEY QUESTIONS

Knowledge and understanding

1 Consider the following balanced equation that
shows the formation of carbon dioxide from carbon
monoxide.
2C0(g) + O(g) — 2C0O(g)

a Calculate the amount, in mol, of oxygen required to
completely react with 2 mol of carbon monoxide.

b Calculate the amount, in mol, of oxygen required to
completely react with 6 mol of carbon monoxide.

¢ Calculate the volume of oxygen needed to
completely react with 1.5 L of carbon monoxide.
Assume all volumes are measured at the same
temperature and pressure.

2 Consider the following thermochemical equation that
shows the combustion of methane.

CH,(g) + 20,(g) — CO,(g) + 2H,0()) AH =-890 kJ

a Determine the amount, in mol, of methane that
must undergo combustion in order to release
890 kJ of energy.

b Calculate the amount, in mol, of carbon dioxide
and water that are produced when 890 kJ of
energy is released.

¢ Calculate the net mass of greenhouse gases
released when 890 kJ of energy is released.

coefficient of known chemical

Stoichiometric calculations can be used to calculate
the mass of carbon dioxide and water released
during the combustion of a carbon-based fuel

and the mass of oxygen required for complete
combustion.

The mole ratio in a balanced equation is also a
volume ratio if all reactants and products are in the
gaseous state and the temperature and pressure are
kept constant.

Stoichiometric calculations based on
thermochemical equations can be used to calculate
the amount of heat energy released during the
combustion of a carbon-based fuel.

The coefficients of the reactants in a
thermochemical equation indicate the amounts,

in moles, of each substance that react to give the
enthalpy change specified in the equation.

Fuels can be compared in terms of energy released
and total greenhouse gases produced.

3 Calculate the energy released, in MJ, when the
following quantities of ethane gas burn according to
the equation:

2C,H,(g) + 70,(g) — 4CO,(g) + 6H,0())
AH=-3120 kJ
a 3.00 mol
b 100 g
¢ 10.0LatSLC
Analysis
4 Octane (C,H,,) is a component of petrol. 200 g of
octane burns in oxygen to produce carbon dioxide
and water. The equation for this reaction is:
2C,H 4(8) + 250,(g) — 16CO,(g) + 18H,0(g)

a Calculate the mass of oxygen required to
completely react with 200 g of octane.

b Calculate the mass of carbon dioxide produced
when 200 g of octane is burnt.

5 8.00 g of propane was burned in excess oxygen.
a Write a balanced chemical equation for the
complete combustion of propane.
b What mass of carbon dioxide would be produced?
¢ What volume, at SLC, of oxygen would be
consumed in the reaction?
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6 Calculate the energy released, in MJ, when 250.0 g of petrol burns
completely in a car engine. Assume petrol is all octane (C,H ;) and
burns according to the equation:

2C,H () + 250,(g) — 16C0O,(g) + 18H,0(1) AH =-10 900 kJ

7 Butane is used as the fuel in some portable camping stoves. It
is a liquid when stored under pressure in a butane cylinder but
vaporises when the valve is opened. Combustion of butane is
represented by the equation:
2C,H,(8) + 130,(g) — 8CO,(g) + 10H,0(1) AH =-5772 kJ
a How much energy is produced when 10.0 g of butane burns

completely?
b How much energy is produced when 0.100 L of butane,
measured at SLC, burns completely?

8 Methane and methanol both burn in air according to the

thermochemical equations:

CH,(g) + 20,(g) — CO,(g) + 2H,0()) AH =-890 kJ
2CH,0H(l) + 30,(g) — 2CO,(g) + 4H,0()) AH =-1450 kJ

a If 1 mole of methane and 1 mole of methanol are completely
burned in separate experiments, which experiment will release
the most energy?

b If each of the above reactions is used to produce 2000 kJ of
energy, which fuel will release the most carbon dioxide?
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3.2 Determination of limiting
reactants or reagents

In the previous section, you learnt how to calculate the amount of product that
could be formed, or energy that could be released, given a specified amount of a
fuel. It was assumed for each combustion reaction that there was sufficient oxygen
present for the fuel to be completely consumed.

In this section, you will learn an approach that you can take when it is not
immediately obvious if a reactant or reagent is completely consumed in a reaction.
A reactant is a starting material that undergoes change during a chemical reaction
whereas a reagent is a substance added to a system to cause a chemical reaction.
Both reactants and reagents can be a limiting substance in a reaction.

In these scenarios, you are given quantities of both reactants present. Before
you can calculate the amount of product formed, you will need to work out which
reactant is completely consumed.

LIMITING AND EXCESS REACTANTS

When two reactants are mixed to create a chemical reaction, it is possible they will
be combined in just the right mole ratio, as indicated in the equation, for each to
be completely consumed. However, it is more likely that they are not present in
exactly the right mole ratio, meaning that one of the reactants will be used up before
the other. Some of the other reactant will remain unreacted and be left over, or in
excess, once the reaction has ceased.

To illustrate this situation simply, consider a problem in which you have been
given some skateboard decks and wheels and you want to make as many complete
skateboards as you can. As shown in Figure 3.2.1, a complete skateboard is made
up of one deck and four wheels.

e 'Y
®0e - ~&  ®
A skateboard is
made from a deck and four wheels. This is a skateboard.

FIGURE 3.2.1 Construction of a complete skateboard requires one deck and four wheels.

If you were given two decks and ten wheels, as shown in Figure 3.2.2, how many
complete skateboards can you make from these materials?

@ 0 4

. . + — ?

09 .0
® ©

FIGURE 3.2.2 When provided with ten wheels and two skateboard decks, how many complete
skateboards can be made?

The answer is that you could make two complete skateboards and there would
be two wheels left over (Figure 3.2.3).

\‘\ e

FIGURE 3.2.3 When supplied with two decks and ten wheels the maximum number of skateboards
that can be made is two. There will be two wheels that are not used.
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We can see that the number of skateboards that could be made was limited by
the number of decks available. The decks were the limiting factor. The wheels were
not completely used up and can be said to be in excess.

A similar situation arises in chemical reactions if the quantities of reactants
present do not match the exact same ratio as that shown in the equation for the
reaction.

When this happens:
e the reactant that is completely consumed is called the limiting reactant
e the reactant that is not completely consumed is called the excess reactant.

Figure 3.2.4 shows three different scenarios for the reaction in which hydrogen
gas and oxygen gas combine to form water, according to the equation:

2H,(g) + O,(g) — 2H,0()
Each of the diagrams provides examples to illustrate the concepts of limiting
and excess reactants.

Mixture before reaction Mixture after reaction
P 2 I I

® ¢ ©

4 molecules of H, +
2 molecules of O,

X
P @

4 molecules of H, +
4 molecules of O,

Neither reactant
was in excess

4 molecules of H,0O

oe N
0% €

4 molecules of H,O +
2 molecules of O,

, Q y
K ¢
L) ¢ ¢
4 molecules of H,O +
1 molecule of H,

Excess reactant - O,
Limiting reactant - H,

Excess reactant - H,
Limiting reactant - O,

5 molecules of H, +
2 molecules of O,

FIGURE 3.2.4 Different scenarios showing the concept of limiting reactant for the reaction
2H,(g) + 0,(g) — 2H,0()

Note that in each of the examples shown in Figure 3.2.4, the amount of product
formed is determined by the amount of the limiting reactant present in the reaction
mixture. The amount of product formed cannot be determined from the amount
of excess reactant. This means it is essential to always identify the limiting reactant
for use in stoichiometry.

Steps in solving stoichiometry problems involving excess
reactants
When attempting to solve a problem in which you are required to work out the

limiting reactant and use stoichiometry to calculate the amount of product, there
are three main steps:

1 Calculate the number of moles of each reactant.

2 Identify which reactant is the limiting reactant.

3 Use the amount of limiting reactant to determine the amount of product formed.
Each step is illustrated in Worked examples 3.2.1 and 3.2.2.

In a chemical reaction, the limiting
reactant is the reactant that is
completely consumed in the reaction.

Excess reactants in the
chemical industry

Many chemical reactions are used in
the chemical industry to make useful
products from soap to pesticides

and pharmaceuticals. The design of
these processes will consider cost,
product yield and minimising waste.
If, in a particular chemical reaction,
one reactant is more expensive

than another, it will be important to
ensure the expensive reactant is fully
utilised. One way to assist with this

is making sure the other reactant is
in excess. Stoichiometric calculations
help to determine how much reactant
is required to ensure it is in excess.
However, having an excess reactant
may cause the disadvantage of
requiring that reactant to be
recovered and recycled.

A chemist designing an industrial
manufacturing process will consider which
reactants or reagents to have in excess to
maximise yield, while minimising costs and
waste.

The amount of the limiting reactant
must always be used to determine the
amount of product that will be formed.
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Worked example 3.2.1

IDENTIFYING LIMITING AND EXCESS REACTANTS

A gaseous mixture of 25.0 g of hydrogen gas (H,) and 150 L of oxygen gas at
SLC are mixed and ignited. The equation for the reaction is:

2H,(g) + 0,(8) — 2H,0(g)
a ldentify which reactant is the limiting reactant.
b Calculate the amount, in mol, of the excess reactant that remains unreacted.

for it to completely react.

Thinking Working
a Calculate the number of moles n(H,) = m
. m 22" M
of each reactant using n=— or
n—Vorn—pV TheformIL\J/,Ia _250
V., RT 2.0
chosen will depend on the quantity — 125 mol
and conditions provided for each Vv
reactant. n(0,) = v
_ 150
248
=6.05 mol
Choose one reactant and use the n(H,) needed to react =2 x n(0,)
coefficients in the equation to find the =2%6.05
amount of the other reactant needed - 121 mol

Compare the values for the amount
required of the second reactant

and the amount actually present to
determine which is the limiting factor.

12.1 mol of H, is needed for all of the
0, to react.

There is 12.5 mol of H, present.
The H, is in excess.
0, is the limiting reactant.

b Use the mole ratio and amount of
limiting reactant to determine the
amount of excess reactant involved
in the reaction.

n(0,) that reacted = 6.05 mol

Determine the amount of excess
reactant left over after the limiting
reactant has been consumed.

nH,) _2
n(0,) 1
n(H,0) =2 x 6.05
=12.1 mol
n(H,) in excess = n(H,) initially — n(H,)
reacted
=125-121
=0.4 mol

Worked example: Try yourself 3.2.1

IDENTIFYING LIMITING AND EXCESS REACTANTS

The equation for the reaction is:

8.00 g of butane (C,H,,) is burned completely in 20.0 L of oxygen at SLC.

2C,H,(8) + 130,(g) — 8CO,(g) + 10H,0(l)
a Which reactant is the limiting reactant?
b Calculate the amount, in mol, of the excess reactant that remains unreacted.
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Worked example 3.2.2

STOICHIOMETRY CALCULATIONS INVOLVING LIMITING AND EXCESS

REACTANTS

the reaction is:

100.0 g of ethanol (C,H,OH) burns in 250.0 g of oxygen gas. The equation for

C,H,OH(g) + 30,(g) — 2CO,(g) + 3H,0(g)
Calculate the volume, in L, of carbon dioxide formed at 100 kPa and 15°C.

Thinking Working
m
Calculate the numb.er of mrc;qles n(C,H,OH) = o
of each reactant usingn=— or
_V r —pVThfrli - 100
n_zo n_RT' e formula 760
chosen will depend on the quantity -217 mol
and conditions provided for each m
reactant. n(0,) = o
~250.0
~ 320
=7.81 mol
Identify the limiting reactant. n(0,) needed to react = 3 x n(C,H,OH)
=3x2.17
=6.52 mol

As there is 7.81 mol of O, present, the
0, is in excess.

Ethanol is the limiting reactant.

Find the mole ratio:
coefficient of unknown

coefficient of known (limiting reactant)

n(Co,) 2

n(C,H,OH) 1

Calculate the number of moles of the
unknown substance using:

n(unknown) = mole ratio x n(known)

n(C02)=%x2.17

=4.35 mol

Calculate the required quantity
of the unknown substance using

m=n><M,V=n><VmorV=%

as appropriate. The choice will
depend on the required quantity and
provided conditions.

The volume of a gas at non-standard
conditions needs to be calculated, so

the formula chosen is V = AL

p
4.35x8.31x288

V(CO,) = 100

=104 L

Worked example: Try yourself 3.2.2
STOICHIOMETRY CALCULATIONS INVOLVING LIMITING AND EXCESS

REACTANTS

the reaction is:

150 g of propanol (C,H,0H) burns in 200.0 g of oxygen gas. The equation for

2C,H,0H(g) + 90,(g) — 6CO,(g) + 8H,0(g)
Calculate the volume, in L, of carbon dioxide formed at 120 kPa and 20°C.
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3.2 Review

SUMMARY

 If quantities of more than one reactant or reagent
are provided for a chemical reaction, the limiting
reactant or reagent must be identified and used in
stoichiometry calculations.

* A reactant is a starting material that undergoes
change during a chemical reaction, whereas a
reagent is a substance added to a system to cause
a chemical reaction.

KEY QUESTIONS

Knowledge and understanding
1 Iron reacts with oxygen gas to form iron oxide. The

balanced equation for the reaction is:

4Fe(s) + 30,(8) — 2Fe,0,(s)
In a particular reaction, 25 g of iron reacts with 60 g
of oxygen gas. List the following steps in order to
determine the mass of iron oxide that will form.
A Calculate the mass of iron oxide that forms.

available | available molecules | in excess in excess
produced

300 1200

2.5 mol 10 mol

The limiting reactant or reagent is the reactant or
reagent that is completely consumed in the reaction.
The reactant or reagent that is not completely used
up and has some remaining when the reaction has
stopped, is said to be in excess.

Analysis

3

Fluorine gas reacts with solid phosphorus to form
phosphorus trifluoride (PF,) according to the following
reaction:

3F,(g) + 2P(s) — 2PF(g)
42.0 g of fluorine gas is reacted with 29.0 g of
phosphorus. Calculate the mass of phosphorus
trifluoride that will form in the reaction.

B Refer to the balanced equation. _ 4 7.0 g of ethanol (C,H,0H) and 30.0 g of O, are mixed
C Calculate the number of moles of iron oxide that in a closed vessel and allowed to react according to
form. this equation:
D Calculate the number of moles of iron and oxygen. C,H,OH(l) + 30,(g) — 2CO,(g) + 3H,0(g)
E Use mole ratios to determine which reactant is a Which reactant is in excess and by what mass, in g?
limiting. b What mass of CO, forms?
2 In three different experiments, different amounts of ¢ What mass of H,0 forms?
propane (C,H,) and oxygen undergo combustion d What is the total mass of the mixture after the
according to the equation: reaction is complete?
C;Hg(8) + 50,(8) = 3CO,(g) + 4H,0(8) 5 23.0 g of ethanol (C,H.OH) is reacted with 10.0 L of
The following table shows the amount of reactants oxygen at SLC. Calculate the volume of carbon dioxide
and products in each experiment. Complete the table produced in this reaction.
to indicate the amount of each product remaining at The equation for the reaction is:
the end of the reaction. C,H,OH(g) + 30,(g) — 2C0,(g) + 3H,0(I)
CEan=gn Bech Ll ACLEID (e s 6 8.50 g of propanol (C,H,OH) is reacted with 20.0 L of
molecules | molecules | dioxide molecules | molecules 37

oxygen at 120 kPa and 30°C. Calculate the volume of
carbon dioxide produced in this reaction.
The equation for the reaction is:

2C,H,OH(g) + 90,(g) — 6CO(g) + 8H,0(l)

120
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3.3 Calculating heat energy released

Knowing the energy released by similar quantities of different fuels helps you to
compare fuels and determine their suitability for specific purposes. For example,
the fuel used to power an aeroplane (Figure 3.3.1) is different from the fuel used
to power a car or bus.

In Chapter 2 you learnt how thermochemical equations include an AH value,
which shows the amount of heat released when a fuel undergoes combustion. The
value of AH is based on the stoichiometric ratios in the equation.

In this section, you will learn how knowledge of the specific heat capacity of ‘
water can be used to obtain an experimental estimate of heat of combustion, as *
well as how the heat of combustion can be used to write thermochemical equations. ) .

FIGURE 3.3.1 F1b jets being refuelled by a

SPECIFIC HEAT CAPACITY OF WATER Boeing 707. The type of fuel suitable for use in

aircraft is different from the type of fuel suitable
The specific heat capacity of a substance is a measure of the amount of energy  for use in cars or buses.

(usually in joules) needed to increase the temperature of a specific quantity of that
substance (usually 1 gram) by 1°C.

Specific heat capacity is given the symbol ¢ and is usually expressed in joules
per gram per degrees Celsius, i.e. ] gt °CL. It can also be expressed in joules per
grams per kelvin, i.e.J g7! K™ (an increase of 1°C is the same as an increase of 1 K).

The specific heat capacities of some common substances are listed in Table 3.3.1.  TABLE 3.3.1 Specific heat capacities of some
You can see that the value for water is relatively high. common liquids

The specific heat capacity of a substance reflects the types of bonds holding Substance Specific heat capacity
the molecules, ions or atoms together in the substance. Water has a specific heat (JgtieCcH)
capacity of 4.18 ] g'! °C~'. This means that 4.18 joules of heat energy are needed to
. ° . . : . water 4.18
increase the temperature of 1 gram of water by 1°C.This relatively high value is due

to the hydrogen bonds between the water molecules. The higher the specific heat glycerine 2.43
capacity, the more effectively a material stores heat energy.

’ ’ ) 4 ethanol 2.46
When a substance is being heated, its temperature rises. The temperature of
1 g of water increases by 1°C when it is supplied with 4.18 J of heat energy. In hexane 2.26
comparison, 2.43 J of heat energy is required to increase the temperature of 1 g of olive oil 1.97
glycerine by 1°C. The effect of the different specific heat capacities of water and
paraffin oil 2.13

glycerine on their temperatures when heated can be seen in Figure 3.3.2.

Comparison of temperature versus
heat energy supplied when heating
1 kg of water or glycerine

80
70-
60
& 50
&~ 404
30
20

0" 10 20 30 40 50 60 70 80 90 100

q (kJ)
FIGURE 3.3.2 A comparison of the effect of the different specific heat capacities of water and
glycerine on the increase in temperature (T). Water has a very high heat capacity, so it requires more
heat energy (q) to increase its temperature by 1°C.
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The heat energy required to increase
the temperature of a given mass of
water by a particular amount can be
calculated using the equation:

q = mcAT

Hot beach, cool bay

The different heat capacities of water
and sand are evident at the beach on
a hot summer’s day. As a cloudless
day dawns, both sand and water sit
under the hot sun, as seen in the figure
below. Sand that is not in contact

with water from waves or tides can
heat very quickly to the point where

it can cause burns to the bottom of
your feet. In contrast, the water, even
in rock pools where constant mixing

is not occurring, remains cool and
refreshing. The specific heat capacity
of water is 4.18 J g1 °C!, while that
of sand is 0.48 J g1 °C~!, so water can
absorb nearly 10 times as much energy
as sand for the same temperature
increase. Each gram of water will
absorb 4.18 J before it increases by
1°C. Each gram of sand will absorb
only 0.48 J before it increases by 1°C.

At this Mornington Peninsula beach, the
sand on a sunny day can be extremely hot
while the water remains cool.

TRANSFERRING HEAT ENERGY TO WATER

The specific heat capacity of water can be used to calculate the heat energy in joules
needed to increase the temperature of a given mass of water by a particular amount.
Heat energy is given the symbol ¢, as seen in Figure 3.3.2 on the previous page.

The heat energy transferred to the mass of water can be calculated by using
measurements of the:

* initial temperature of the water
e highest temperature of the water
* mass of water.

The relationship used to calculate the energy that has been transferred to the
water is:

Heat energy = mass of water X specific heat capacity X temperature change

Using symbols, the equation can be written as:

g=mxXcxXAT or g=mcAT
where ¢ is the amount of heat energy (in ]), m is the mass (in g), ¢ is the specific
heat capacity of the water (4.18 ] g1°C™") and AT is the temperature change (in
°C or K):
AT=AT,,, — AT,

Recall that the density of water is 1.0 g mL."!, so 1 mL of water has a mass of
1 g. Sometimes the density of water is quoted as 0.997 g mL"'; however, this value,
to 3 significant figures, is only accurate at 25°C.

Worked example 3.3.1

CALCULATING THE ENERGY REQUIRED TO HEAT A MASS OF WATER USING
SPECIFIC HEAT CAPACITY

Calculate the heat energy, in kJ, needed to increase the temperature of 500 mL
of water by 15.0°C.

Thinking Working

500 mL of water has a mass of
500 g.

Change the volume of water, in mL, to mass
of water, in g. Remember that the density of
water is 1.0 g mL™, so 1 mL of water has a
mass of 1 g.

Find the specific heat capacity of water from
the data in Table 3.3.1.

The specific heat capacity of
water is 4.18 J gt °C-L,

g=500x%x4.18x 15.0

To calculate the quantity of heat energy in

joules, use the formula: g = mcAT ~314x10%J
Express the quantity of energy in kJ. g=3.14x10*%x 103
Remember that to convert from J to kJ, you =314 kJ

multiply by 10-3.

Worked example: Try yourself 3.3.1

CALCULATING THE ENERGY REQUIRED TO HEAT A MASS OF WATER USING
SPECIFIC HEAT CAPACITY

Calculate the heat energy, in kJ, needed to increase the temperature of 375 mL
of water by 45.0°C.

Experimental determination of heat of combustion

When an exothermic chemical reaction, such as the combustion of a pure
substance, is carried out underneath a container of water, such as a metal can or
a test tube, some of the heat released by the combustion reaction is transferred to
the water. If you measure the temperature change of the water, it can be used to
determine the approximate amount of energy released by the substance.
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An experimental arrangement for estimating the heat of combustion of an organic
liquid, such as ethanol, is shown in Figure 3.3.3. This experimental determination
is suitable for many organic liquids, such as alcohols and some alkanes and alkenes.
Because these liquids release a lot of energy when they are burnt, some of them
could be regarded as fuels.
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FIGURE 3.3.3 Apparatus for measuring heat of combustion of an organic liquid fuel (e.g. ethanol).
A metal can containing a measured volume of water is held above the wick of a spirit burner.

Figure 3.3.4 summarises the steps followed in this experiment.
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FIGURE 3.3.4 Flow chart of the steps followed when using the specific heat capacity of water to
determine the heat of combustion of a pure organic liquid fuel

Three key pieces of information collected from this procedure are the:

* mass of water

e change in temperature of the water, AT

e mass of organic liquid fuel consumed, from which the amount, in mol, of the
substance can be calculated.

In Chapter 2 you learnt that the heat of combustion of a fuel can be determined
when the energy released by that fuel is divided by the amount, in mol, of the
fuel that is burnt. You also learnt that the heat of combustion of a fuel is the heat
energy released when a specified amount of the substance burns completely and is
a positive value, while the enthalpy of combustion of a fuel reflects its exothermic
nature with a negative sign and has the symbol, AH .

The heat of combustion can be calculated using the equation:

heat of combustion = 1
n

where g, the energy absorbed by the water in the can, is calculated using the equation:
q=mcAT

and #n is the amount of fuel, in this case the pure organic liquid, that has been
burnt.
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This calculation of heat of combustion assumes that all the energy is transferred
from the burning pure organic liquid fuel to the mass of water. Substantial heat
losses occur when the experiment described above is performed, so the values
calculated for the heat of combustion will be less than the actual values. At best, this
experiment could only be used to obtain an estimate of the heat of combustion or
perhaps to compare the energy released by two or more pure substances, fuels or

o Recall that the heat of combustion
of a fuel is reported as a positive
value due to its definition, while the
enthalpy of combustion, AH_is written
in a thermochemical equation and is
negative.
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foods.
This is shown in Worked example 3.3.2.

Worked example 3.3.2

CALCULATING THE HEAT OF COMBUSTION OF A PURE ORGANIC LIQUID FUEL

FROM EXPERIMENTAL DATA

0.355 g of methanol (CH,0H) undergoes complete combustion in a spirit burner.
The heat energy released is used to heat 100 g of water. The temperature of

the water rose from 20.24°C to 37.65°C. Calculate the heat of combustion of
methanol in kJ mol* and write the thermochemical equation for the reaction.

heat energy released by sample

amount of sample (in mol)

Or heat of combustion = %

Thinking Working
Calculate the temperature change of AT =37.65-20.24
the water. - 17.41°C
Use the specific heat capacity of water to g=100x4.18x17.41
determine the energy used to heat the water. — 7277 J
Use the formula:
g = mcAT
Express the quantity of energy in kJ. q=7277x 103
Remember that to convert from J to kJ, you =7.277 kJ
multiply by 103,
Calculate the amount, in moles, of methanol 0.355
using the formula: =350
m

i =0.0111 mol
Determine the heat of combustion of Heat of combustion
methanol, in kJ mol. 7977
Heat of combustion = © 00111

=656 kJ mol!

The thermochemical equation for this
reaction is a balanced equation, including
the enthalpy of combustion, AH, which has a
negative sign.

CH,OH() + 30,(8) —
CO,(g) + 2H,0; AH = 656 kJ
or

2CH,0H(l) + 30,(g) —
2C0,(g) + 4H,0; AH = -1312 kJ

Worked example: Try yourself 3.3.2

CALCULATING THE HEAT OF COMBUSTION OF A PURE ORGANIC LIQUID FUEL

To calculate the heat of combustion
of a fuel, the following two equations

FROM EXPERIMENTAL DATA

are used.
g = mcAT
heat of combustion = %

0.295 g of ethanol (C,H,OH) undergoes complete combustion in a spirit burner.
The heat energy released is used to heat 100 g of water. The temperature of
the water rose from 19.56°C to 38.85°C. Calculate the heat of combustion of
ethanol in kJ mol-! and write the thermochemical equation for the reaction.
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ESTIMATING THE ENERGY CONTENT OF A FUEL OR FOOD

Because foods and some fuels, such as diesel, are mixtures, rather than a pure
substance, the heat energy released during the combustion of a known mass of
these fuels or food is best described as an energy content, in k] g'.
If the mass of fuel or food burned to produce this energy is measured, the energy
content of the fuel or food can be calculated as follows:
energy transferred to the water q

energy content = - - —=—
change in mass of the fuel/food during combustion  Am

The mass of fuel or food burned is determined by measuring the initial mass of
fuel or food, and then subtracting the final mass. It is not necessary to burn all the
fuel or food sample, as long as the mass that is burned is determined.

In this type of experiment, heat loss is a consistent problem, so the values
calculated for the energy content are an estimate only and will be less than the
actual values.

Worked example 3.3.3 describes how to calculate energy content from simple
experimental data.

Worked example 3.3.3
ESTIMATING THE ENERGY CONTENT OF A SAMPLE OF FOOD

A 1.670 g sample of cheese biscuit was burned under a steel can containing
200 g of water. After the flame went out, the mass of the cheese biscuit was
0.300 g and the temperature of the water had risen by 29.8°C. Calculate the
energy content of the biscuit in kJ g

Thinking Working
Calculate the heat energy absorbed by the g = mcAT
water in joules, using the formula: 200 % 4.18 x 29.8
q =mcAT =24913J
Express the quantity of energy in kJ. _ 24913
Remember that to convert from joules to ~ 1000
kilojoules, you divide by 103 or multiply ~ 24913 kJ
by 10-3. oo
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