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Overview: How to use this resource

This overview guides you through all the components of the print and PDF textbooks, the Interactive
Textbook (ITB) and the teacher resources in the Online Teaching Suite (OTS). Users of the award-
winning Cambridge Science 710 for the Victorian Curriculum will recognise some similarities with this
senior science resource, including the hosting of the digital material on the Edjin platform, which was
developed by Cambridge HOTmaths and is already being used successfully by thousands of teachers and
students across Victoria.

Print book features

Learning intentions

In the Curriculum table at the start of each chapter, the Study Design dot points are translated into Learning
Intentions, describing what students should be able to do by the end of the chapter.

Black text indicates B
. Area of Study 2 Outcome 2

the portion of the How can the rate and yield of chemical reactions be optimised?

do‘t pO| n‘t cove red Study Design: Learning intentions — at the end of the chapter I will be able to:

by the section * Factors affecting the 5A  What causes a chemical reaction? Learning intentions are turned into
frequency and success of 5A.1 Differentiate between open and closed systems . . .

ShoWn in the reactant particle collisions ~ 5A.2  Outline how reactions proceed differently in open and SuCCeSS Cl"|ter|a (aCh|eVement
and the rate of a chemical closed systems

Second Co|umn reaction in open and 5A.3  Describe the factors that comprise collision theory Standards) at the end Of ‘the Chap‘ter

closed systems, including ~ 5A.4  Describe how the rate of a reaction can be monitored

and are assessed in the Chapter
review and tracked in the Checklists

White text indicates o ety
. and orientation
the portion of the

dot point covered
by other sections

Relevant Study Design dot points are repeated at the start of each section in the chapter, and an overall
curriculum grid is provided in the teacher resources.

Concept maps

Concept map

Concept maps display each chapter’s structure with annotations L s ottels
emphasising interconnectedness, providing a great memory aid. e

The versions in the ITB are hyperlinked and offer an alternative
way of navigating through the course. An overall look at all

"8 - oo
on H0
( € Agieriser

i
concept maps of Units 3 & 4 is also provided after this overview. k(D
Links ml
or gain energy from fuels

The interconnectedness of topics in VCE Chemistry is 18 Prdorn o st snrgy i i
demonstrated through links between sections, displayed in ]
the margins. In the ITB, these are hyperlinks that provide an

P S, @ Adenosine
A triphosphate

k — - Combustion
c  Cellular ATP of fuels
respiration as exothermic
S

b P Energy for life processes J reactions
alternative way of navigating through the course. e 3« é
!‘{:' :

are examples
of exothermic

reactions 1C Exothermic and endothermic reactions

You will recall from Unit 2, and this will again be covered in Section 3A, that oxidation
means a loss of electrons. If you look at the oxidation numbers, in red, shown above the

Energy
Energy

UNITZ balanced chemical equation, you will see that the carbon changes from a ‘0" to a ‘+4’
oxidation number. This means it is losing electrons. Conversely, the oxygen gas reactant is ps—— [ —m—
3A REDUCTION bei duced it ch: idati ber fi O to ‘+2”
AND OKIDATION eing reduced, as it changes oxidation number from ‘0" to “+2". See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter sections Study Design coverage for section Glossary terms in the section

Chapters are divided into e Production of chemical energy
numbered sections, each with

, in natur

a consistent set of features.

Study Design: Glossary:

* Photosynthesis as the process that converts Aerobic
Engage light energy into chemical energy and as a Anabolic

source of glucose and oxygen for respiration Catabolic

At the start of each section, these in living things: Cellular respiration
boxes provide points of interest
for the topic, emphasising its g ENGAGE
place in chemistry. This material, The carbon economy

Have you heard of the carbon economy? Perhaps you're more familiar with the term
‘carbon footprint’. Both of these relate to carbon dioxide emissions. As you learned in
as examples of applications. Unit 2, carbon dioxide emissions (a type of greenhouse gas) are primarily responsible
for global warming and climate change. Carbon dioxide is released naturally through
processes like cellular respiration, which you will learn more about in this chapter,

though not assessable, can be used

Explain
This icon marks the start of
essential content that is assessed. §i LN
Photosynthesis
Anabolic Photosynthesis is an anabolic chemical reaction in which the Sun’s light energy is used to
G Iossa ry a biochemical convert the inorganic co&-ipounds carbon dioxide (CO,) and water (H,O) into the organic
. o fe . . s:'(]ecr;svﬁ%l:gmg compound glucose (C;H |\, O,). Glucose can then be used as a source of energy by the cells
SCIeI’ltlflC terms are hlghllghted swmpblg m?\ecules of living organisms, enabling growth and reproduction.
combine to
in the teXt; definitions are given g:;l:?l}lee?)mplex Photosynthesis Cf)nsists of a series of steps (a biochemical pathway), yith each steP
controlled by a different enzyme. The overall process of photosynthesis can be written as
il’l the margin Of the print and both a word equation and a Balanced chemical equation:
PDF textbooks, or on mouseover Glossary definitions Terms in the glossary

in the I'TB; and the terms are
listed at the start of each chapter

and section. Check-in questions — Set 1

. . i is?
Check-in questlons 1 \X/hatlls the purpose of Photosynthems. '
. ) 2 a Write the word equation for photosynthesis.
Each section in the Chapter b Write the simplified balanced chemical equation for photosynthesis.

has one or more sets of check-
in questions, for formative
assessment. Full answers are

provided in the digital resources. 2B SKILLS

Random versus systematic errors

Skills , , , ‘ ,

In the context of chemistry, particularly in an experiment such as calorimetry, two types
Skills boxes in every section of errors commonly occur: random and systematic.
provide advice and guldance Random errors occur unpredictably and differ in each measurement. They're caused
on how to answer and prepare by unpredictable fluctuations in the experimental process, such as variations in

temperature, slight inconsistencies in material, or even human error during observation.

for questions, especially in - : ¢ Ng ¢
In a calorimetry experiment, a random error could be the minor fluctuation in the

examinations. The ITB has guided
video versions of these, which
provide extra comments and an
alternative medium of delivery. calorimeter by chemical calibration

Worked example 2B-5: Calculating the calibration factor of a solution

Worked examp|es A 1.00 g sample of potassium nitrate (M(KNO,) = 101.1 gmol ) was dissolved in a
. solution calorimeter containing water with an initial temperature of 20.06°C. Once
Worked examples are prov1ded for the potassium nitrate was completely dissolved, a final temperature of 18.05°C was

questions requiring computation —  recorded. Potassium nitrate dissolves in water according to the following equation:
for example, in stoichiometry. KNO,(s) » K*(aq) + NO,"(aq) AH = +34.9 kjmol!
Determine the calibration factor of the calorimeter in J°C~L.
Solution
ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023
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Charts, diagrams and tables
Detailed charts integrating text and
diagrams, and illustrated tables,
feature throughout the print book.

e .
PR RG
A

Section questions Section 2B questions
Summative assessment is prov1ded 1 Ina calorimetry experiment, the combustion of a small piece of chocolate-chip cookie
at the end of each section, again released 1260 ] of energy, which was used to heat a quantity of water in a can. If the

temperature of this water increased by 3.25°C, determine the mass of water in the can.

with full answers pr ovided in the 2 Explain the following observations in terms of specific heat capacitv.

digital resources.

Chapter reviews Chapter 1 review
Summaries: Students are Summary
. Create your own set of summary notes for this chapter, on paper or in a digital document. A model

encouraged to make their own set summary is provided in the Teacher Resources and can be used to compare with yours.
of summary notes to help them Checklist
assimilate the material. Model In the Interactive Textbook, the success criteria are linked from the review questions and will be

K X . automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
sumimaries are prov1ded in the the boxes when you have answered the corresponding questions correctly.
Teacher Resources and are to be Success criteria — | am now able to: Linked questions

1A.1 Define ‘fossil fuels’, ‘biofuels’, ‘renewable’ and 100,110
‘non-renewable’

given to students who need help.
Creating summaries can also be 1A.2 Compare and contrast the different types of fossil fuels 110
turned into an assessment task, with

the models serving as the answer. Multiple-choice questions

1 Which of these statements best describes a fuel that is renewable?

CheCkliStS and Success criteria: A fossil fuels that are produced at the same rate at which they are consumed
. . . B fossil fuels that are produced at a slower rate than they are consumed

The learnlng intentions from the C biofuels that are produced at the same rate at which they are consumed

front of the Chapter are listed again D biofuels that are produced at a slower rate than they are consumed
2 What would be the most appropriate units to compare the enthalpy change of the combustion
of two different fuels, both containing a mixture of components?

to the multiple-choice and short- Al
answer questions that follow. The B e
checklists can be printed from
the ITB, and students can tick off

in the form of success criteria linked

Short-answer questions

11 Concerns from society about the rising levels of greenhouse gas emissions are continuing

their achievement manually. If they to drive our focus on aspects of different types of fuels. Coal is one of Australia’s largest
exports; however, the mining and burning of coal is a major contributor to our greenhouse
do the questions in the ITB, they gas emissions.
are thked automatically when the a List‘ the two form§ of greenhouse gases that are released from the plant remains
during the formation of coal. (1 mark)
queStiOﬂS are marked. b What conditions help to cause the release of these greenhouse gas emissions
from the coal beds? (1 mark)
¢ Coal is an example of a fossil fuel. Explain why, by comparing this to biofuels. (2 marks)

Unit revision exercises
Each Unit has a revision exercise in the print book, with both multiple-choice and short-answer questions.
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Special content Logbook Nots

The title should

Title
. o Lo Title include reference
° Chapter 1 3 SClentlflC ;ﬁ:lze:f:der o Determine the effect of a catalyst on the rate of a chemical reaction.  to the variables
investigations includes ::ij;lssam“; e Does th‘e addition of invertase result in an increased rate of g\.ucoae 5:!‘5;;2’5?‘1
information about roduction through its function as a catalyst on the hydrolysis of
: : L what is being tested P 2 variable) and
the different ways scientific Ui measured (dependent
. . . variable)
investigations may be , R
Introduction Introduction In the introduction
detailed,
undertaken by Studel’lts. Zufsi'c:m, o Enzymes are substances essential to help reactions proceed more ;Osoa ;;:Ier)n‘; Cr\aaTe
e;p‘a"a“""fm efficiently for these chemical reactions to actually occur. They are PR |
It f t th d ll the reason for oty " ol , e ] to present a labelled
eatures e mode lng undertaking the made of key chemical elements, such as carbon, hydrogen, oxygen, diagram of the
::Zﬁ;’gj‘g;“ nitrogen and sulfur. Enzymes are specific to the substance that they  concept/idea being
Of logbool( development chemical concepts, acton. investigated

aim and hypothesis . . .
e Enzymes are catalysts that increase the rate of chemical reactions

)
for Students own by lowering the activation energy for that reaction to occur by

providing an alternate reaction pathway. Invertase, the focus of

praCtlcal lnvestlgatlons, this investigation, is an enzyme present in plants and yeast that
With detailed examples catalyses the hydrolysis of sucrose into fructose and glucose.

Hydrolysis reactions involve the addition of water, as shown for this

The digital textbook reaction below:

. . . sucrose  +water -  glucose + fructose

includes information C12H;50,4(ag) + H,0() = CgH,,04(aq) + CoH, ,04(20)

on Other investigation The progress of this reaction can therefore be measured by the
formation and concentration of glucose, determined using glucose

methodologies. test strips. The more glucose present, the darker the colour

displayed on the test strip will be. This detects concentrations of
glucose between O mg mL~" and 30 mg mL~"

Glucose produced in yeast and plants can be further broken down
with the aid of anaerobic bacteria to form ethanol (bioethanol) via
fermentation, according to the following chemical equation:

CgH,,04(aq) = 2C,H0H(aq) + 2C0,(g)

Bioethanol as a fuel is a renewable source of energy that results in
less greenhouse gas emissions compared to fossil fuels.

Aim Aim The aim includes

the main purpose of
an investigation o To determine whether the presence of an enzyme increases the rate explicit reference fo
the independent and

of a chemical reaction dependent variable.
9 To determine whether the presence of the enzyme invertase This will be included

increases the rate of hydrolysis of sucrose by measuring the in your introduction
for the final scientific

concentration of glucose produced using glucose test strips.
poster presentation.

Interactive Textbook features
The digital version of the textbook is hosted on the Edjin
platform, offering easy navigation, excellent on-screen
display and multimedia assets, as well as auto-marking " - =
of multiple-choice questions, and workspaces for other :
questions with self-assessment and confidence-rating tools. ;&
The different kinds of digital assets are listed below: - =) e =
o DPrintable worksheets with extra questions and —
activities (and content in some cases) are provided for
most chapters, marked by an icon in the margin, as WORKSHEET 1A-1

secemssan

' COMPARING FUELS
shown on the right. VIDEO 3A-1

« Videos are provided for all chapters and are of two kinds: concept videos SKILLS: IMPORTANCE
demonstrate or illustrate important theory, while skills and example videos 3&%?@ 10N

work through the textbook’s skills and example boxes, providing extra
explanation and guidance. Some videos are provided in the print pages as QR codes for immediate access
and review.

« Answers (suggested responses) to questions are provided as printable documents in the teacher
resources and, if enabled by the teacher, below the question there are workspaces for short-answer
questions in the I'TB.

o Prior knowledge can be tested with an auto-marked quiz with questions from the Year 9 and 10 titles in
the Cambridge Science for the Victorian Curriculum series.
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Online Teaching Suite features (teacher resources)

The OTS provides Edjin’s learning management system, which allows teachers to set tasks, track progress

and scores, prepare reports on individuals and the class, and give students feedback. The assets include:

o Curriculum Grid and teaching programs

o Editable and printable Chapter tests with answers

o Checklists with linkage to the success criteria for the chapter question sets and tests

o A question bank and test generator, with answers

« DPractice exams and assessment tasks, with answers

o Editable versions of Worksheets in the Interactive Textbook, and answers to them

o Downloadable, editable and printable practicals

« Editable and printable chapter summaries (model answers for the chapter summary activity)

« Teacher notes on selected content with additional theory explanation and suggestions for further
activities and resources

o Curated links to internet resources, such as videos and interactives.

Exam generator

The Online Teaching Suite includes a comprehensive bank of exam-style and actual VCAA exam questions
to create custom trial exams to target topics that students are having difficulty with. Features include:

« Filtering by question-type, topic and degree of difficulty

o Answers provided to teachers

o VCAA marking scheme

o Multiple-choice questions that will be auto-marked if completed online

o Tests that can be downloaded and used in class or for revision.
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Overview: Aboriginal and Torres Strait Islander
knowledge, cultures and history

The VCE Chemistry Study Design includes aspects of Aboriginal and Torres Strait Islander knowledge,
cultures and history. This overview is a guide to coverage in this resource.

Aboriginal and Torres Strait Islander peoples’ world views are highly integrated: each aspect of culture,
history and society connects with all other aspects. Each community has their own personalised system of
thinking, doing and knowing based on sharing culture and adapting to the environment around them.

In order to gain an understanding of any system, Indigenous or not, time and effort is needed to appreciate
it. That time is limited in this course; and it is wrong to try and generalise the Indigenous culture of
Australia, or even of Victoria. Instead, the coverage in the resource should be taken as a collection of
examples, and students should read up on or engage with their local Indigenous community to understand
their cultural aspects.

This textbook includes examples of Aboriginal and Torres Strait Islander knowledge, cultures and history
and in addition, for students, the Interactive Textbook includes an introductory guide prepared by First
Nations consultants advising on approaches to studying this material, with links to further reading.

For teachers, the teacher resources include a guide to approaches to teaching Aboriginal and Torres Strait
Islander knowledge, cultures and history in the VCE Chemistry course, with links to internet resources.

Guide to terms used in this resource
Language is very important in discussing Indigenous issues, especially given the past history of deliberately
offensive usage in Australia, where language was used to oppress and control.

Indigenous , Respectful usage requires a capital T’
First Australians and First Peoples of any

country

First Australians, First Nations or First Peoples  These terms have become more common in recent years, with
Indigenous people of Australia . . ) . .
Indigenous’ as the adjective.

Aboriginal _ _ One of the reasons that ‘First Nations’ and allied forms have become
an Aboriginal person is someone who is . ‘ .. , .

of Aboriginal descent, identifies as being more common is that the term ‘Aboriginal’ was sometimes used
Aboriginal and is accepted as such by the disrespectfully, and still is in some circles.

Aboriginal community with which they

originally identified

Aboriginal and Torres Strait Islander peoples  While this is still used in official circles and is in the name or title of
the Australian Indigenous population includes . . L. .

Aboriginal People, Torres Strait Islander many organisations and documents, it is tending to be replaced by
gﬁﬂ;raezdsﬁz?fEl:’:é’e'r‘ah‘;eri?aoéz /frt;]‘;”g'”a' ‘First Australians’ and similar terms, especially in everyday use. This
term ‘Aboriginal and Torres Strait Islander’ is partly because the abbreviation ‘ATSI’ is considered disrespectful
encompasses all three by Indigenous people, who regard it as lazy not to use a full title. The

abbreviation should not be used to refer to people.

Cambridge University Press & Assessment acknowledges the Australian Aboriginal and Torres Strait Islander
peoples of this nation. We acknowledge the traditional custodians of the lands on which our company is
located and where we conduct our business. We pay our respects to ancestors and Elders, past and present.
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Concept maps for Units 3&4

Pages xiii—xvi display the concept maps for topics in Chapters 1-13. Access the digital version of this
concept map in the ITB to zoom in on the details and click on hyperlinks to explore the interconnections of

the topics.

Chapter 1
Carbon-based fuels

Concept map

1A Types of fuels
Fossil fuels versus biofuels

Biofue production
Crop harvesting  gem
Industrial processing o

Human consumption

7 e
M (-F:

co,

Electrical andior
thermal energy

—

Organic

e Anaerobic

digestion

Understanding processes that
plants and animas use to produce
or gain energy from fuels

18 Production of chemical energy in nature

Adenosine
triphosphate

Combustion
of fuels

reactions
Plantcol
These processes - Lt enerey
podiibupuent Thorcps
of exothermic
reections 1€ Exothermic and endothermic reactions
-

Energy

Progress of reacton Progress of reaction

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

Chapter 3 Galvanic cells

Concept map

3A Reduction and oxidation
Reactions that involve the loss
and gain of electrons
)
oIL ation is Loss 5

Reduction is Gain

=
# | %

3B Writing redox equations 3D Using the electrachemical series
Writing and balancing redox Predictions of the redox reactions
reactions in acidic and basic that will occur and the voltage they
conditions will produce

is reduced
@

B

reatts with

/

3C Features of galvanic cells
Using spontaneous redox reactions
to convert chemical energy info

electrical energy
Electrochemical cell (Galvanic cell) s ovidised @

e Cathode:
cuts)

P o

Z0(s) > Z0P*(aq) + 26 Cu?*aq) + 26 - Culs)

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter 2 Measuring changes
in chemical reactions

Concept map

The natural greenhouse effect

Approximately half the
radiation i reflected o  syap 4;
absorbed by Eart's Earih releases heat in
atmosphere and clouds. e form of infrared

The Sun's radiation in
the form of sunlight sups

i ravels fowards Ear radiation (IR).
2A Measuring greenhouse gases  travels owards Earth R

Calculating the quantity of into space, allowing,
Earth to cool.
/s:-n 6

greenhouse gases produced from
The remaining IR is

combustion reactions

e Thermorneter

l\—sme,
28 Measuring energy released —
> Thermaly insulated cover

from chemical reactions
Using solution calorimetry to
determine the amount of
heat energy released or
absorbed from reactions Reaction mixure

Thermally nsulated seal

Insulted conainer

2C Measuring energy from food
Understanding how nutritional

content determines the quantity of
energy contained within food

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

Chapter 4 Fuel cells

Concept map

4A Fuel cells
Features of fuel cells and
sustainabillty and environmental
considerations

H—c0 o [ 0 -0,

£
ol
8
g
Excess a

c !
Hy— oo ©f & T—Ho

Electrolyte

4B Faraday's laws
Calculations of quantities using
these laws and stoichiometry

1 M Zn?*(aq)

Zn(s) > Zn?*(aq) + 2e~ Ni2*(aq) + 2e~ - Ni(s)

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter 5
Rates of reaction

Concept map

5A What causes a
chemical reaction?
Exploring collsion theory to
understand what needs to happen
for a successful reaction to occur

» @ Successiul collsion w
-~
Reaction occurs,
“ 8 = products formed
~ @

Correct orientation

Reactants

Incorrect orientation

- >

~ 000 - 00 09

Reactants Unsuccessful Reaction unsuccessful,
collision reactants remain

5B Factors affecting reaction rate
Exploring how factors,
such as temperature and
concentration, affect the rate of
chemical reactions

3
<
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.
3
3
3
$
3
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See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

Chapter 7 Electrolytic cells

Concept map

7A Features of electrolytic cells
Features of these cells as secondary cells

Electrons travel
through metallic
+_ conductors in circuit

Positive ions move
towards the negative
electrode

Negative ions move towards Pa—

e Elccirolyte
the positive electrode.

/

78 Predicting the products of electrolysis 7C Commercial electrolytic cells
Effects of the choice of components Design and innovation in commercial
and conditions electrolytic cells with a focus
on sustainabiity

— = PEM electrolysis
L
Platinum
electrodes
—_ 0
Ha
Electrolyte Hy0
contains
Corions Cathode Anode
Ni2+ fons
Mg2* ions Membrane

70 Faraday's laws of electrolysis
Calculations using these laws and stoichiometry

Four key steps to solving Faraday's laws of electrolysis questions
1 Determine number of moles of metal (sing 1 = )

2 of half-equation).
3 Determine the charge, Q, using Q = n(c-) x F.
4 Determine current (amps) or time (seconds), using @ = I

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

Chapter 6
Equilibrium

6A What is equilibrium?
Understanding the concept of
reversible chemical reactions

Forward reaction A+B ——s C+D
Reverse reaction C+D ——s A+B
Reversible reaction ~ A+B ==——== C+D
6B The reaction quotient and 6C Le Chatelier's principle

equilibrium constant

Understanding how a change in
Calculations to defermin the  ———

reaction conditions, such as temperature

position of a reversible reaction at and pressure, impact the position
any given moment o equilbrium
Equilibrium
aA +bB = cC+dD  re-established
[Cyo) N H
[AF[BP g :
5| 0
35 )
H d
3| no, &
N added

Time

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

Chapter 8 Structure and properties

of organic compounds

Concept map

8A Structural diversity in organic compounds

Molecular, structural, semi-structural
and skeletal formulas

Primary amides
Aldehydes

Ketones
Alkenes Suetetal ormuta- ~ o
Carboxylic acids
Esters
Haloalkanes
Primary amines
lcohols
8B Molecules of carbon 8C Functional groups: haloalkanes, 8D Functional groups: aldehydes,
amines and alcohols ketones, carboxylic acids and esters

Comparison of physical properties, like boiling point, melting point and viscosity, due to the organic compound'’s structure and bonding

8E Physical properties of organic compounds

% D P %

Strongest
intermolecular bonding

= Dispersion forces only
* Dipole-dipole forces.
w Hydrogen bonding

Boiling point (°c)

Compound

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter 9 Reactions of organic

compounds

Concept map
9A Organic reactions: substitution, addition and oxidation

Writing equations and
drawing reaction pathways

NH; o -
" )

Cl, or Br,

Pattway 1 [ ARG ] =

UV light

lehway? HCl or HBror HI
9B Organic reactions: condensation and hydrolysis
Writing equations and
drawing reaction pathways

Hydrolysis reaction

Reactant Product A
Calculating % yield and atom economy with
a view on Green Chemistry Principles
9C Designing sustainable organic reactions
. 3. Less
1. Waste 2. Atom hazardous
» syntheses
4. Design 5. Safer 6. Design
safer solvents and for energy
chemicals fag),  auxilaries efficiency
- Use 8. Reduce
renewable 9. Catalysis
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feedstocks
11. Real- 12. Inherently
@- Lo time analysis ;j _ safer chemistry
¥ degradation for pollution * for accident
prevention prevention

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter 11 Instrumental analysis of

organic compounds

Concept map
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See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter 10 Laboratory analysis
of organic compounds

Concept map

10A Analysis of functional groups
Qualiative tests to determine the presence
of carbon-carbon double bonds and
hydroxyl and carboxyl functional groups

10B Analysis of purity and concentration
Experimental technigues, including distilation,
melting point determination and volumetric
analysis, to determine purity and concentration

Thermometer

Cooling

water out

Cooling

water in
s

Condenser
Round bottom flask
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See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

Chapter 12 Medicinal chemistry

Concept map

12A Organic compounds as medicines
Developing medicine using
compounds found in nature and
identifying key functional groups
that make medicine effective

CHZ0H CH,0H
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Cem0 =0
&OH !
o o o

Cortisol Corticosterone Aldosterone

12B Enzymes
Biological catalysts that speed up
chemical reactions and can be used
as therapeutic targets

Normal enzyme reaction
4 Products

. oy — —

Enzyme Substrate  Enzyme-substrate complex  Enzyme

Competitive inhibition

. -
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Enzyme Substrate  Inhibitor  Enzyme-inhibitor ~Inhibitor binds to active site,
complex preventing the substrate from

binding

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter 13 Scientific
investigations

Concept map

13A Investigative planning and design

13B Scientific evidence

Structuring the logbook
~ investigative design

Structuring the logbook
~ scientific evidence

13C Scientific

See the Interactive Textbook for an interactive version of this
concept map interlinked with all concept maps for the course.
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Introduction

This chapter begins your exploration of energy and some of the different types of INTRODUCTION
fuel used to generate energy for society. You will compare various types of fossil e

fuels and biofuels, including how they are sourced, produced and used in society,

while understanding the advantages and disadvantages of each. You will also look

at the processes by which plants and animals convert the energy contained within

llght and food into usable forms of chemical energy. You will learn about reactlons that

CARBON-BASED

Finally, you will look at calculating the quantity of energy released from the combustlon
of fuels and explore the concepts of limiting and excess reagents for these types of reactions.

Curriculum
Area of Study 1 Outcome 1

What are the current and future options for supplying energy?

Study Design:

e 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)

Production of bioethanol by the
fermentation of glucose, CcH,,0.(aq) —
2C,Hz0H(l) + 2C0,(g), and subsequent
distillation to produce a more sustainable
transport fuel

Learning intentions — at the end of the
chapter | will be able to:

1A Types of fuels

1A.1 Define ‘fossil fuels’, ‘biofuels’,
‘renewable’ and ‘non-renewable’

1A.2 Compare and contrast the different types
of fossil fuels

1A.3 Compare and contrast the different types
of biofuels

1A.4 Describe the process of producing
bioethanol from glucose

1A.5 Recall that distillation is used in the
production of bioethanol

1A.6 State the equation for the fermentation
of glucose
Explain the advantages and
disadvantages of fossil fuels and biofuels

ISBN 978 1 009 229842% S P (..’ Drummond et‘él Q‘CarﬁBndge Un|ver3|ty Press & Ksszssment 2023 ﬁ‘k' 3

Photocopying'is restn(:t g.under law and , rnaf’erjal‘

ust not be fransferred to another pal:tV“



S e ;.s =
Study Design: Learning intentions — at the end of the
chapter | will be able to:
-~
- | e Photosynthesis as the process that 1B Production of chemical energy
- ? jﬁ_g : converts light energy into chemical energy in nature
z-’}.%f?:;. "d and as a source of glucose and oxygen for ~ 1B.1  Describe the process of photosynthesis
. *""ﬁ: respiration in living things: 1B.2 State the equation for photosynthesis
6C0O,(g) + 6H,0() - C,H,,04aq) + 60,(g)  1B.3  Describe the process of cellular

e (Oxidation of glucose as the primary respiration
carbohydrate energy source, including 1B.4 State the equation for cellular respiration
the balanced equation for cellular
respiration:
CgH,,04(aq) + 60,(g) — 6CO,(g) + 6H,0(1)

Comparison of exothermic and 1C Exothermic and endothermic reactions

endothermic reactions, with reference 1C.1 Compare and contrast exothermic and
to bond making and bond breaking, endothermic reactions
including enthalpy changes (AH) 1C.2  Define ‘activation energy’
measured in kJ, molar enthalpy changes 1C.3 Define ‘enthalpy’ and ‘enthalpy change’
measured in kJ mol~! and enthalpy 1C.4 Draw and fully label energy profiles for
changes for mixtures measured in kJg1, exothermic and endothermic reactions
and their representations in energy profile 1C.5 Identify the limiting reagent in a given
diagrams chemical reaction
e Determination of limiting reactants or 1C.6 Calculate the mass, concentration or
reagents in chemical reactions volume of various reactants or products
e Combustion (complete and incomplete) in a given chemical equation when a
reactions of fuels as exothermic reactions; limiting reagent is present
the writing of balanced thermochemical 1C.7 Compare complete and incomplete
equations, including states, for the combustion reactions of fuels
complete and incomplete combustion 1C.8 State that all combustion reactions
of organic molecules using experimental are exothermic
data and data tables 1C.9 Determine the balanced thermochemical

equation for complete and incomplete
combustion of organic molecules

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

Glossary

Activation energy Complete combustion Fuel

Aerobic Crude oil Incomplete combustion
Anabolic Endothermic Inorganic
Anaerobic Enthalpy Natural gas
Biodiesel Enthalpy change Non-renewable
Bioethanol Enzyme Organic

Biofuel Exothermic Oxidation number
Biogas Fermentation Oxidised

Biomass First-generation feedstock Photosynthesis
Catabolic Fossil fuel Renewable
Cellular respiration Fracking Triglyceride

Coal Fractional distillation

% -.\ ‘n. ;
i o

ﬁgﬁl 978- 1"089‘&9\5’3: ; y Drummond et al,b "\ e ©) Cambrldgeyaver5|ty Press &ﬁséessrﬁﬂ g

t@@opying lsfrthrlc underl'a this aterial myust - etransferred to another party. @ ™ B, S N AER -~



a CONCEPT MAP

Concept map
1A Types of fuels
Fossil fuels versus biofuels

A

1' ‘V
4‘“: Solar energy
iPhotosynthesis
Biofuel production
Crop harvesting — <— (—E
Industrial processing o CO,
Human consumption 2
Fnerey *Biofertiliser Electrical and/or

crops

thermal energy

; ﬂwa

Organic : - @ Nvatu!'al gas
wastes Anaerqbw Biogas pipeline
digestion

Understanding processes that
plants and animals use to produce
or gain energy from fuels

1B Production of chemical energy in nature

Mitochondrion

Adenosine
triphosphate

Animal cell

—_— Combustion
—> of fuels
) as exothermic

Energy for life processes W reactions

Light energy

Chloroplast

These processes
are examples
of exothermic

reactions 1C Exothermic and endothermic reactions
A A
> >
:‘-,“ Reactants %o
= o=
[F1] [F1]
Products
” Progress of reaction

Progress of reaction

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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1A TYPES OF FUELS °

Types of fuels

Study Design: Glossary:

e The definition of a fuel, Anaerobic Fossil fuel
including the distinction Biodiesel Fracking
between fossil fuels (coal, Bioethanol Fractional distillation
natural gas, petrol) and Biofuel Fuel
biofuels (biogas, bioethanal, Biogas Inorganic
biodiesel) with reference to Biomass Natural gas
their renewability (ability of a Coal Non-renewable
resource to be replaced by Crude oil Organic
natural processes within a Enzyme Photosynthesis
relatively short period of time) Fermentation Renewable

e Production of bioethanol by First-generation Triglyceride
the fermentation of glucose, feedstock

CeH,,04(aq) — 2C,HOH(I)
+ 2C0,(g), and subsequent
distillation to produce a more
sustainable transport fuel

Q ENGAGE

Australia’s first petrol-driven car
When Harley Tarrant was young, his
father owned the Clunes Gazette, the

St Kilda Chronicle and the Prahran
Chronicle. As such, Harley was
surrounded by information from overseas
publications, and from these articles he
learned about, and became obsessed

with, cars.

Later, when working on the Nullarbor
Plain as a surveyor, he determined
that steam and electric vehicles would
not be suitable to tackle the harsh ' ’

Australian outback. In 1897, he decided Figure 1A-1 The vehicle shown in this photo is

. . . . the first two-seater, two-cylinder petrol engine
1 buflidla Leatssene englie widh boyele: automobile built and sold in Australia, by

maker, Howard Lewis. Due to the high Harley Tarrant and Howard Lewis in 1901.
temperature at which kerosene vaporises,

it was not suitable as a fuel for a car engine, but it was ideal for pumping water. His engine
sold extremely well across Australia, providing him funding to continue working on a
suitable fuel and engine for an automobile.

Following this, Tarrant and Lewis set out to build their own petrol-driven car, which
used an imported Benz engine. After successfully developing a two-cylinder petrol
motor car in 1901, they refined it further with their own locally made engine. At the
time, they decided to sacrifice speed for a car that would thrive in Australian conditions.
Since then, and especially recently, the use of different fuels has continued to evolve
from fossil fuels to biofuels, and now the push to fully electric vehicles. Fossil fuels and
biofuels, with a focus on their renewability, are discussed further in this section.
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° CHAPTER 1 CARBON-BASED FUELS

Si

Fuel

any substance
that stores
chemical energy

1C EXOTHERMIC

AND
ENDOTHERMIC
REACTIONS

Organic

a chemical
that contains
both carbon
and hydrogen
(hydrocarbons)
or substances
obtained from
plants and
animals

Inorganic

a chemical that
does not contain
both carbon

and hydrogen

or contains
substances
obtained from
minerals

UNIT1

1B PRODUCTION

OF CHEMICAL
ENERGY IN
NATURE

Fossil fuel

a source of

fuel made from
decomposing
plants and
animals over
hundreds of
millions of years.
It consists mainly
of carbon and
hydrogen atoms

Photosynthesis

a chemical
reaction in which
light energy is
used to convert
the inorganic
compounds
carbon dioxide,
CO,, and water,
H,0, into

the organic
compound
glucose; photo

= light, synthesis
= build or put
together

Non-renewable
limited or not
capable of being
replenished at

a rate equal to
consumption

ISBN 978-1-009-22984-5

EXPLAIN

What are fuels and why do we need them?

Likely, when you hear the word ‘fuel’, you think about petrol, diesel or coal used to power
planes, trains and automobiles. However, as you will see later in this chapter, food, such as
sugar, is also used as a fuel for our bodies.

Fuels are both organic and inorganic substances capable of storing chemical energy. In this
section, we will look at only organic fuels. As you will see in Section 1C, when a fuel is
burned, the stored chemical energy is released as heat (thermal) energy, which can then be
further used to power objects.

You should be familiar with the units of energy from earlier years in science. The
International System of Units (SI) unit for energy is the joule, J.

Fossil fuels

Fossil fuels are mostly hydrocarbons, with some other minor impurities, as you learned
about in Unit 1 and will learn more about in Unit 4. They are called ‘fossil’ fuels, as they

are formed through the fossilised remains and subsequent decay of plants, animals and
microorganisms, which lived millions of years ago. The hydrocarbon remains are extracted
through mining and the drilling of wells both on land and at sea. These remains still contain
some of the chemical energy that the plants, and the plants consumed by animals at the
time, originally stored from transforming light energy from the Sun when carrying out
photosynthesis. Photosynthesis as a chemical process will be covered further in Section 1B.

Fossil fuels are non-renewable, meaning their availability is limited and they are being
consumed at a rate faster than they are being produced. As these fossil fuels are formed over
millions of years, once they are depleted, they will not be replaced any time soon.

Fossil fuels can be separated into three main categories: coal, natural gas and petroleum.

Coal Natural gas Petroleum

Lgﬁﬁ

Figure 1A-2 The three main categories of fossil fuels, all of which contain
carbon and hydrogen, with other minor impurities

Drummond et al
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1A TYPES OF FUELS 0

Coal

Coal is a layer of sedimentary rock formed underground, containing mostly plant remains, Coal

that are then buried by further sediments. It is formed under low oxygen conditions at zﬁﬂitgﬁ?;zrél?:tk
high temperatures and pressures over millions of years. Coal formations are called ‘coal remains formed
beds’ and they exist globally. The deeper the coal bed, the higher its rank, where the g}’i['eg:is”io“s

ranking is based on how much it has changed over time. Deeper underground, the plant
matter experiences higher temperatures and pressures, and so more of the plant remains
are transformed into carbon, while water (H,0), carbon dioxide (CO,) and methane
(CH,) escape. The methane that is produced is trapped as coal seam gas. The higher the
percentage of carbon, the better the coal fuel source.

Flooding led to the Dead plant matter was
burial of plant matter ~ converted to coal under high
beneath soll pressures and temperatures

Lignite

(brown coal) Black coal

Millions of years

Figure 1A-3 The formation and existence of different coal layers

Coal is the most abundant of the fossil fuels and is the largest fuel source used for
generating electricity in the world. Coal is Australia’s largest energy resource. It is mined in
every state in Australia, with the largest black coal resources located in New South Wales
and Queensland. As Figure 1A-3 shows, black coal is buried deeper than other layers of
coal, but because of the heat efficiency it provides, it is much more economical for mining.
Approximately 70% of the coal mined in Australia is exported, mostly to eastern Asian
regions. In 2019, pre-COVID, coal exploration expenditure was $229 million, which was
an increase of 32% from 2018. In comparison, the combustion of brown coal produces
approximately 85% of Australia’s electricity.
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° CHAPTER 1 CARBON-BASED FUELS

UNIT1

8B MOLECULES
OF CARBON

8B MOLECULES

OF CARBON @

Natural gas

a fossil fuel
formed when
layers of
decomposing
plant and
animal remains
experience high
temperatures
and pressures

Fracking

a process in
which fluid

is injected at
high pressure,
fracturing
sedimentary
rocks, releasing
gas or oil

0o

Natural gas

Natural gas is mostly methane (CH,), with traces of other small hydrocarbons, such as
ethane (C,H), propane (C,H,) and butane (C,H, ). Other substances including water,
carbon dioxide, sulfur and nitrogen can also be present in the gas reservoirs.

You will recall that in the formation of coal, the increased pressure and temperature
resulted in the physical and chemical change of the sedimentary rock, releasing methane,
carbon dioxide and water.

Likewise, this pressure causes the natural gas found in rock formations to adsorb to the
surface of the coal. When drilling wells fracture coal deposits, natural gas flows to the
surface, as shown in Figure 1A—4. This process is called fracking. A fracking fluid is injected
into the well to increase the permeability of the sediment, allowing an easier flow of gas to
the surface. The fracking fluid contains sand, water and other chemicals. A chemical once
used in fracking fluid was benzene, which you will learn about in Section 8B. However, this
has been banned in Australia because it is carcinogenic, and there is a potential risk of it
escaping and contaminating water supplies. Sand is convenient as a component of this fluid
because it is often present at the site of drilling. However, water is not, and so this has to

be transported to the drilling sites, which is environmentally unfriendly and economically
costly.

One of the environmental concerns associated with fracking is that it releases methane, a
greenhouse gas, into the atmosphere. It is predicted that approximately 4—8% leaks to the
atmosphere from the well head, pipelines and storage facilities.

Hydraulic fracturing

DU S IRV

Figure 1A-4 The fracking process
releases natural gas trapped above
crude oil layers to the surface.
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1A TYPES OF FUELS °

Petroleum

In Unit 1, you learned about crude oil as being a mixture of predominantly alkanes, which
are organic hydrocarbon molecules. Like coal and natural gas, crude oil is formed from
plant and animal remains that decay over millions of years. However, crude oil is not as
widespread or as easy to access as coal and natural gas.

Crude oil is essentially petrol (petroleum). However, because the crude oil mixture contains
many hydrocarbons with varying sizes (based on their number of carbon atoms), it is not
useful to mine and use directly once drilled and brought to the surface. The crude oil

first needs to be separated into its various hydrocarbon fractions in a process called
fractional distillation.

Fractional distillation works on the fundamental basis that different-sized hydrocarbons
can be separated from each other because of their different boiling points, something you
learned in Unit 1 and will again cover in Section 10B. Countries in the Middle East are the
main sources and exporters of crude oil, including petrol, internationally. Australia, being
one of their trade partners, imports 90% of all the crude oil it uses. Australia does have a few
small crude oil reserves off the coast of northern Western Australia, South Australia and
Bass Strait; however, these are likely to be depleted by 2100.

Check-in questions — Set 1

1 Recall the three different types of fossil fuels.

2 Which fossil fuels (from your answer to Question 1) are associated with the following
processes:
a fractional distillation
b fracking

3 Fossil fuels are described as being non-renewable. What does this mean?

o
)
v
|}
{
1

N
!
=1
~
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Crude oil

a naturally
occurring
mixture of liquid
hydrocarbons
that can be used
as a fuel source

Fractional
distillation
separation

of a mixture

of liquids

into separate
fractions based
on their boiling
points

UNIT1

10B ANALYSIS
OF PURITY AND
CONCENTRATION
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@ CHAPTER 1 CARBON-BASED FUELS

Biofuels

While fossil fuels take millions of years to produce, and are being used up at a faster rate
Biofuel N than which they are being replenished, biofuels are the opposite. Biofuels are classified
2;;";"\/;;63 as renewable because they can be produced at the same rate at which they are consumed.
produced from As the name suggests, they are produced from living (hence, bio) matter, called biomass.
biological matter . . . . . T
callcd iermEss There are three types of biofuels covered in this chapter: biogas, bioethanol and biodiesel.
Renewable Figure 1A-5 shows the proportion of feedstocks in total biofuel production. As you will see
tah;etsggrr]cge in the following pages, different feedstocks can be used for different types of biofuel.
replenished
at an equal or 200 A
higher rate than

it is consumed
Biomass
renewable

organic matter
that comes from 150
plants, animals

and other living ]
organisms e
@
(=8
3 100
=
=
E
50

2021 2022 2023 2024 2025 2026 2027
Year

[[] Sugars M Maize [ Soybean oil [ Rapeseed oil [ Palm oil [] Other crops
[0 Used cooking il [T Animal fats @ Other wastes and residues

Figure 1A-5 Predicted total biofuel production by feedstock, 2021-2027. This is a work derived
by Cambridge University Press & Assessment from International Energy Agency (IEA) material, and
Cambridge University Press & Assessment is solely liable and responsible for this derived work. The
derived work is not endorsed by the IEA in any manner.
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1A TYPES OF FUELS °

Biogas

Biogas is formed from the breakdown of organic biological waste, such as plant matter,

by anaerobic bacteria. Anaerobic bacteria are those that thrive in the absence of oxygen.
The bacteria break down complex carbohydrates, such as cellulose and starch, as well as
proteins, into simpler molecules. The contents and percentage of these simpler molecules
will depend on the starting organic material that is being decomposed. Approximate
percentages are shown in Table 1A-1.

Table 1A-1 Approximate percentages of contents within biogas

Molecule Percentage (%)
Methane (CH,) 50-75
Carbon dioxide (CO,) 25-50
Nitrogen (N,) 0-10
Hydrogen sulfide (H,S) 0-3
Hydrogen (H,) 0-1
Oxygen (0,) 0-1

As you can see from the biogas cycle shown in Figure 1A-6, the original solar energy is
captured by crops and transformed into chemical energy by photosynthesis, which will

be explored in Section 1B. For large-scale production, the organic waste produced from
harvesting crops, food waste and animal by-products is placed in a large tank called a
digester. The digester is filled with anaerobic bacteria. Waste from this process can be used
as a good biofertiliser and the biogas produced is useful for heating and electricity in homes
and farms. This cycle further highlights the renewability and low impact of greenhouse

gas emissions for this process.
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Figure 1A-6 The biogas cycle

The Australian biogas industry is still emerging. In 2017, there were 272 biogas plants,
most of which use raw materials that would otherwise rot in landfill. In 2021, the first
large-scale biogas plant was announced for Nowra, in NSW. According to the Australian
Renewable Energy Agency (ARENA), the estimated biogas potential would place Australia
on par with Germany, a leading country in the production of biogas.

You will learn more about biogas when discussing green chemistry in fuel cells in Section 4A.
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e CHAPTER 1 CARBON-BASED FUELS

Fermentation
the process by
which glucose
is broken down
in the absence
of oxygen to
produce energy
(ATP); also
called anaerobic
cellular
respiration

Bioethanol

a type of biofuel
produced by
fermentation in
plants and yeast

9A ORGANIC
REACTIONS:
SUBSTITUTION,
ADDITION AND
OXIDATION

First-generation
feedstock

a biofuel
produced

from edible
feedstocks
(starch, glucose)
from plants such
as corn and
wheat

Enzyme

a protein
molecule that
acts as a catalyst
in a specific
biochemical
reaction

NOTE

As first-
generation
bioethanol
feedstocks
are also used
for food, there
is a tension
between
growing these
crops for food
versus fuel.

Bioethanol
Ethanol is a two-carbon hydrocarbon containing a hydroxyl (—~OH) functional group. Its
molecular formula, structural formula and semi-structural formula are shown in Table 1A—2.

Table 1A-2 The molecular, structural and semi-structural formulas of ethanol

Semi-structural formula
CH,CH,0OH

Molecular formula  Structural formula
C,HO T T
H—C—C—0—H

H H

Name
Ethanol

Ethanol can be manufactured by the addition reaction of ethene with steam. You will
encounter this reaction again in Section 9A.

More commonly and naturally, ethanol is produced in plants and yeast that undergo
anaerobic fermentation. Typical crops grown globally for ethanol production include corn,
maize and wheat, but Australia has a long history of fermenting native plants. The Palawa
people of Tasmania have a history of using the sap of a cider gum to make the sweet
fermented drink wayalinah, and the Noongar people in south-western Australia have
fermented the fruit of the macrozamia plant (known as by-yu or kwineen) as a method of
detoxification and to enhance its nutritional value.

Figure 1A-7 Cider gum
tree leaves and flowers
(left) and pollen cones

of a Macrozamia ridelei
plant (right). These
Australian native plants
are examples of those that
have been fermented.

The main feedstock used in Australia for producing bioethanol is wheat. Facilities are
currently located in both New South Wales and Queensland, with plans for a large-scale
facility to operate in regional Victoria in the future.

In wheat and other first-generation feedstocks, biological catalysts called enzymes speed

up the breakdown of cellulose and starch to sucrose. Yeast is then added to this solution.
The yeast contains another enzyme called invertase, which helps convert the sucrose into
glucose. The glucose then binds with another enzyme in the yeast called zymase, which
assists the final step of fermentation into ethanol (bioethanol) and carbon dioxide according
to the following equation.

This is called glucose — ethanol + carbon dioxide
the ‘food
versus fuel C6H1206(aq) - ZCHBCHZOH(aQ) + 2C02(g)
debate’.
Notice that the ethanol produced from fermentation is in an aqueous (aq) state. This
10B ANALYSIS means that it is not pure and is hydrated by water molecules. These water molecules are
Cglflé’gﬁ%mgﬁ removed by distillation, which will be covered in more detail in Section 10B.
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1A TYPES OF FUELS e

If you've got your learner permit or probationary licence and have driven to fill the car up
at the petrol station, you will have noticed the fuel pump labelled ‘E10’. It is called E10 as
it contains a blend of 90% petrol and 10% ethanol. The addition of ethanol to petrol has
several advantages, including:

+ the use of petrol derived from crude oil is reduced

« the fuel is oxygenated so that it burns more completely

« the amount of greenhouse gas emissions is reduced

+ the source of the bioethanol makes it a more sustainable transport fuel.

Biodiesel

Biodiesel is a mixture of organic compounds produced from vegetable oils, cooking oils
and animal fats. Because it is produced from plant and/or animal products, it is renewable
and often called ‘green diesel’. A transesterification reaction between plant and/or animal
triglycerides (fats, oils) and alcohol, typically methanol (CH;OH), results in a mixture

of methyl esters, or biodiesel. You will learn more about transesterification reactions in
Section 9B; however, an example reaction is shown in Figure 1A—8 below. Note that this
reaction also requires the presence of a strong base, such as sodium hydroxide (NaOH),
acting as a catalyst. Biodiesel production in this way requires less energy and has less
emissions than producing bioethanol.

R represents
a hydrocarbon chain of
varying length.

Ester functional
group, —COO

Methyl group

H 0 0]
H—é —-O—g—Rl CH,—OH CH3—O—g—R1
0 0
H—C —-O—g—Rg + 3CH3OH ——> | CH—O0H |+ CH3—O—(|£—R2
NaOH
: G catalyst
HC —-i\o:_l(“[_i—Rg CHo—OH (@ngro—g—Rg
H ] Methanol Glycerol Mixture of methyl
| esters (biodiesel)

Figure 1A-8 Transesterification reaction between a triglyceride and methanol, producing

a mixture of fatty acids, or biodiesel

NOTE

The other product in the transesterification reaction, glycerol, is commonly used in the
manufacture of pharmaceuticals. You will learn more about medicinal chemistry in Chapter 12.

If you look back at Figure 1A—5 on page 10, you will see that a large number of the
feedstocks used in biofuel production are vegetable oils, used for biodiesels.

There are currently three biodiesel plants operating in Australia. However, after peaking in

the mid-2010s, they now operate at less than 40% capacity. With only around 0.2% blend
rate with standard diesel, it is a fuel with very little focus in Australia. Globally, biodiesel
can be used in most existing diesel engines without them needing further modifications.
Like bioethanol, these blends are also labelled at the pump, typically as B5 or B20,
indicating a 5% or 20% blend, respectively, of biodiesel with standard diesel.
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a CHAPTER 1 CARBON-BASED FUELS

WORKSHEET
1A-1

Comparing fossil fuels and biofuels

COMPARING In this chapter so far, you have learned about six different types of fuels. Three of these
VIIJEIJF:JE? were fossil fuels and three were biofuels. Table 1A—-3 highlights the key comparisons of
RENEWABLE these with a focus on their renewability and societal impacts.
RENEVABLE
FUELS
Table 1A-3 Advantages and disadvantages of the different types of fossil fuels and biofuels
Fuel type Advantages Disadvantages
Fossil fuels Coal e Mined easily e Traces of sulfur and nitrogen react with
(non-renewable) * Large reserves remaining atmospheric O, to form SO, and NO,,
e Cheap which contribute to acid rain.
e (Can be converted to liquid and | e Finite supply so will eventually run out
gas fuel, which is more portable
if oil runs out
Natural gas | ® Moderate cost for consumers e |imited reserves remaining
e FEasily converted to methanol e FEconomically expensive to harness
e Produces least pollution and transport
e Environmental concerns over fracking
Petrol e Easily transported e Limited reserves remaining globally,
e [ess pollution than coal and availability will decline within
e Many applications decades
e Expensive
e Mining is destroying ecosystems
(both on and offshore)
Biofuels Biogas e Derived from plants, animals e Very few technological advancements,
(renewable) and humans so additional research and government
e Utilisation of waste for heating, funding required to make production
electricity and fertilisers, rather efficient
than letting it rot in landfills e Anaerobic digestion occurs optimally
e Produces a circular economy at 37°C, so in colder climates heat
e (Good alternative for electricity energy is required to generate biogas
and heating in rural areas or continually.
developing countries e QOdour is emitted from digesters used in
this process, so a need to build these
in locations away from residences
Bioethanol | e Reduces greenhouse gas e Production requires large volumes of
emissions, as crops used for water.
fuel production absorb the CO, | e The food vs fuel debate of growing
they emit when burned crops
e Combining with oil extends the
longevity of limited crude oil
supplies
Biodiesel e New land not required for e Farmland used for growing fuel instead

production

Reduces hydrocarbon
emissions and the lifecycle of
greenhouse gases

Reduces smog thereby
reducing atmospheric pollution

of food
Large volumes of water (or availability)
and fertilisers required
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1A TYPES OF FUELS e

While biofuels might seem like a better alternative to fossil fuels, their increasing use in

the immediate future raises a number of other important implications that need to be

considered and managed, including:

« how much land degradation and forest destruction occurs to grow crops

« the percentage of crops grown for fuel versus that grown for food to meet the needs of
increasing population sizes.

Research is underway to look at the potential for either algae or agave crops to be used as a
feedstock for biodiesel production. The latter thrives in dry, arid desert environments with
little water and produces a high oil yield. Therefore, land required for growing food would
not be compromised.

VIDEO 1A-2
e
BASED
Comparison-based questions QUESTIONS
In this section, you were presented with six different types of fuels. You learned
about how and where each was sourced from, the chemical processes used in their
production and their respective advantages and disadvantages. As such, it is predictable
that assessment questions will require you to compare various aspects of different
combinations of these fuels. In comparison or contrast questions, you are required to
explain both the similarities and differences of each item in the question. Let’s look at an
example question, which has been adapted from the 2021 VCAA Exam and solution.

Question

Digesters use bacteria to convert organic waste into biogas. Both biogas and coal seam
gas have the same hydrocarbon as their main component. Referring specifically to this
hydrocarbon, compare biogas and coal seam gas.

VCAA 2021

Answer
Similarities:
Both are types of fuels that contain mainly methane, CH,.

Differences:

o Coal seam gas is non-renewable as it originally comes from the increased
temperature and pressure experienced by sedimentary rock deeper below Earth’s
surface and is not produced at a rate equal to or faster than it is consumed.

« On the other hand, biogas is renewable, as it is produced from the breakdown of plant
matter, in particular cellulose and starch, by bacteria under anaerobic conditions.

Notice that in this answer, the comparison word ‘whereas’ was used to differentiate
between the difference of the two fuels.

This was just one example for two fuels covered in this chapter, but other examples
may require you to compare two different types of fossil fuels or two different types of
biofuels, the advantages and/or disadvantages of different fuels or their renewability.
Developing a clear set of notes with what makes each distinct from the other will be
important for this section.
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@ CHAPTER 1 CARBON-BASED FUELS

Section 1A questions

1 Bioethanol can be produced in organisms through a process known as fermentation.
a Write a balanced chemical equation for fermentation.
b Identify the reactants and products in the equation from your answer to part a.
¢ What conditions and other substances are required for the fermentation process to
occur effectively?
d State the technique that is employed to purify bioethanol once it has been produced
through fermentation.
2 Discuss the accuracy of the following statement:
‘Crude oil can be classified as a biofuel because it originally comes from plants.’

3 Fossil fuels are recognised as a significant contribution to the increase in greenhouse gas
emissions. Alternative fuels to fossil fuels as an energy source exist but they are not yet
at the stage where they can completely replace them. From different groups, there are
concerns about the suitability of biofuels as a replacement for fossil fuels.

a Define ‘biofuel’.

b List three examples of biofuels.

¢ Compare bioethanol and biodiesel. In your answer, ensure you refer to how they are
produced and the specific organic compounds they consist of.

d Explain the advantages for society of adding small quantities of these biofuels to
current fossil fuels used for powering automobiles.

e Provide three reasons why it is currently unfeasible to incorporate a higher
percentage of these biofuels into either petrol or diesel fuels.

' ' '
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Production of chemical energy

1n nature
Study Design: Glossary:
e Photosynthesis as the process that converts Aerobic
light energy into chemical energy and as a Anabolic
source of glucose and oxygen for respiration Catabolic
in living things: Cellular respiration
6C0,(g) + 6H,0() = C.H,,04(aq) + 60,(g) Oxidation number
e Oxidation of glucose as the primary Oxidised

carbohydrate energy source, including the
balanced equation for cellular respiration:
CgH1,06(aq) + 60,(g) — 6C0O,(g) + 6H,0(1)

ﬁ ENGAGE

The carbon economy

Have you heard of the carbon economy? Perhaps you're more familiar with the term
‘carbon footprint’. Both of these relate to carbon dioxide emissions. As you learned in
Unit 2, carbon dioxide emissions (a type of greenhouse gas) are primarily responsible
for global warming and climate change. Carbon dioxide is released naturally through
processes like cellular respiration, which you will learn more about in this chapter,
and fermentation. However, other human activities, such as deforestation and the 1C EXOTHERMIC
burning of fossil fuels, which you will learn more about in Section 1C, have been the QNBOTHERMIC
main producers of the gas. For decades, efforts have been made to monitor and lower REACTIONS
these emissions. Governments and industries are continually improving the efficiency

of photosynthesis, which is the way carbon dioxide is naturally removed from the

atmosphere. The benefits of this improvement will be twofold. The world’s population

is growing rapidly and greater quantities of food will be needed to support future

generations. Not only will there be less carbon dioxide in the atmosphere, but it is

thought that increasing the efficiency of photosynthesis will mean more nutrient-rich

crops and increased crop yields. Governments and industries also want to increase

the production of biomass, a sustainable and renewable energy resource, in the hope

that this will reduce our reliance on fossil fuels and again reduce the volume of carbon

dioxide in the atmosphere.

UNIT 2

0

FOSSILFUEL

Jﬂﬁ%yv

P A4 > ST AN -

Figure 1B-1 The rise in carbon dioxide levels in the atmosphere is responsible for global warming
and climate change.
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i

Anabolic

a biochemical
process requiring
energy, where
simple molecules
combine to
generate complex
molecules

Cellular respiration
the transformation
of the chemical
energy stored

in glucose into
usable energy
(ATP) for cells

1ATYPES OF
FUELS

1€ EXOTHERMIC
AND
ENDOTHERMIC
REACTIONS

5B FACTORS
AFFECTING
REACTION RATE
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EXPLAIN
Photosynthesis

Photosynthesis is an anabolic chemical reaction in which the Sun’s light energy is used to
convert the inorganic compounds carbon dioxide (CO,) and water (H,O) into the organic
compound glucose (C,H,,0,). Glucose can then be used as a source of energy by the cells
of living organisms, enabling growth and reproduction.

Photosynthesis consists of a series of steps (a biochemical pathway), with each step
controlled by a different enzyme. The overall process of photosynthesis can be written as
both a word equation and a balanced chemical equation:

carbon dioxide + water —— > oxygen + glucose

light energy

6CO,(g) + 6H,0(l) 60, (g) + C,H,,0,(aq)

chlorophyll

The oxygen released is

considered a waste product

from a photosynthesis

perspective. However, this

is a very important reactant

for cellular respiration in both

plants and animals. The glucose
@Q produced from photosynthesis
in plants is the key reactant

Light energy

Carbon @@ 0@ (02) required for cellular respiration
dioxide in living organisms, as you
(CO2) will see later in this chapter.

As you learned in Section 1A,
glucose is also the key input for
fermentation in the production
of bioethanol from plants

and yeast.

Glucose
(CeH1206)

Photosynthesis is an example
of an endothermic reaction,
which you will learn about in
Section 1C.

Figure 1B-2 The initial reactants and final products of
photosynthesis

NOTE

There are many factors that affect the rate of the photosynthesis reaction, such as temperature,
light availability, water availability, carbon dioxide concentration and enzyme (catalyst)
concentration. Factors affecting the frequency and success of collisions between reactants, and
the subsequent rate of chemical reactions, are explored further in Section 5B.
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Check-in questions — Set 1

1 What is the purpose of photosynthesis?
2 a Write the word equation for photosynthesis.
b Write the simplified balanced chemical equation for photosynthesis.

Cellular respiration

Like photosynthesis, cellular respiration occurs as a series of steps in a biochemical
pathway, with each step controlled by a different enzyme. You do not need to be familiar
with any of these steps in this chemistry course. The purpose of cellular respiration is the
catabolic breakdown of glucose, which releases the chemical energy in a form more usable
for cells, as a molecule called adenosine triphosphate (ATP).

There are two types of cellular respiration. The first occurs in the absence of oxygen
(anaerobic) and is commonly referred to as fermentation. You learned about this in
Section 1A. This occurs in certain plants and yeast, resulting in the production of ethanol
(bioethanol) and carbon dioxide, according to the following equation:

glucose — ethanol + carbon dioxide
C¢H,,0O((aq) — 2CH,CH,OH(aq) + 2CO,(g)

In animals, a slightly different form of anaerobic cellular respiration takes place. It is often
called lactic acid fermentation and results in the production of lactic acid (lactate ions),

which is associated with muscle cramping. This chemical reaction is represented according

to the following equation:
glucose — lactic acid
C¢H,,04(aq) — 2CH,CH(OH)COOH(aq)

The second form of cellular respiration occurs in the presence of oxygen (aerobic). This
occurs in many plant and animal cells with some steps occurring inside the mitochondria,
the energy powerhouse of the cell. Aerobic cellular respiration results in a much greater
yield of energy per mole of glucose than that yielded by anaerobic cellular respiration.

0,+ CgH,,04

Photosynthesis
'» Chemical energy
7 Light energy (ATP)
£ L=
Ao \ 220

Ve ey Chloroplast I\/I|tochondrion

C llular respiration

CO,+ H,0

Figure 1B-3 An overview of the relationship between photosynthesis and aerobic cellular
respiration
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Oxidised In aerobic cellular respiration, glucose is oxidised to form carbon dioxide and water. The
describes chemical reaction for aerobic cellular respiration is:
a chemical
species that glucose  + oxygen — water + carbon dioxide
has undergone
oxidation — that 0+1 -2 0 +1-2 +4 -2
is, it has lost
electrons in a CeH,,04(aq) + 60,(g) — 6H,O(l) +  6CO,(g)
reaction
NOTE

You should notice from this equation that the products of this chemical reaction are the inputs
for the photosynthesis reaction.

You will recall from Unit 2, and this will again be covered in Section 3A, that oxidation
means a loss of electrons. If you look at the oxidation numbers, in red, shown above the

UNIT2 balanced chemical equation, you will see that the carbon changes from a ‘0’ to a ‘+4’
oxidation number. This means it is losing electrons. Conversely, the oxygen gas reactant is
3A REDUCTION . . cq s o €
AND OXIDATION being reduced, as it changes oxidation number from ‘0’ to ‘+2’.
As glucose can be broken down to release the energy required for all metabolic reactions
1A TYPES OF occurring in our bodies’ cells, it is a type of fuel. Like the other fuels you learned about in
FUELS Section 1A, it undergoes a combustion reaction that releases energy, which means it is an
1C EXOTHERMIC exothermic reaction. Exothermic combustion reactions will be discussed in more detail in
AND i
ENDOTHERMIC Section 1C.
REACTIONS

As in photosynthesis, there are many factors which affect the rate of cellular respiration
5B FACTORS reactions, such as temperature, glucose availability, oxygen concentration and enzyme

RE ACATFIBE\ICQA,\%(E; (catalyst) concentration. Factors affecting the frequency and success of collisions between
reactants, and the subsequent rate of chemical reactions, are explored further in Section 5B.
Oxidation
number

a measure of
the degree of
oxidation of

an atom in a
substance;
defined as the
charge an atom
might have
when electrons
are counted to
help identify
redox reactions,
oxidising agents
and reducing
agents

WORKSHEET
1B-1
ENERGY
PRODUCTION ' L
IN PLANTS AND
ANIMALS
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1B SKILLS

Understanding the link between photosynthesis and cellular respiration ‘Slll(lleELUS1 B-1
An overview of the processes of photosynthesis and cellular respiration is given in the UNDERSTANDING
i THE LINK BETWEEN
diagram below. PHOTOSYNTHESIS
: AND CELLULAR
Adenosine RESPIRATION
triphosphate
Cellular ATP

respiration

Carbon
Percey cioxde o c o}

0,

Energy for life processes

Light energy

Figure 1B—4 The complementary nature of the photosynthesis and cellular respiration reactions
means that carbon, hydrogen and oxygen cycle through organisms and their environments continually.

Referring to Figure 1B—4, note the following key points.

« Photosynthesis occurs in the chloroplast, an organelle found only in the cells of green
plants and algae.

o The products of photosynthesis (oxygen and glucose) are used as reactants in the
process of aerobic cellular respiration.

« Aerobic cellular respiration occurs mostly in mitochondria, organelles found in
animal, plant and fungal cells, and protists.

» Aerobic cellular respiration uses the products of photosynthesis to produce ATP,
an energy storage molecule, which can then release energy to meet the cell’s
requirements.

« In plants, the products of aerobic cellular respiration (water and carbon dioxide) can
then be used as reactants in the process of photosynthesis.

« Although photosynthesis appears to be the reverse of cellular respiration, the
processes are different and use different enzymes. (You will learn in general about EﬁgYMES
enzymes in Section 12B.)

Using the Study Design to guide your preparation

The most important way of determining the detail you need to know is by looking at
the Study Design and completing many practice questions. Keep focused on the terms
used in the Study Design dot points and, when making notes, always use the dot points,
or part of the dot points, as your headings. The Study Design was written specifically to
cover what you need to know, and the success criteria have been written to guide you
through the necessary material.

For example, the Study Design requires you to know that photosynthesis is a source of
both glucose and oxygen, which are required for respiration in living things, and that it is
in these living things where the glucose is oxidised as the primary energy source.
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@ CHAPTER 1 CARBON-BASED FUELS

Additionally, both chemical equations are given for you. This suggests that, if you know
these things, you will be able to work through and determine the answers to assessment
questions. Consider the following diagram and predict what the questions could be,
based on what you know of the Study Design.

Light and chlorophyll

-G

Water and product C Products D and E
A Y

A
Y

Process B <€

Energy for cellular processes

Possible questions could be:

o Determine what processes A and B are.

o Write word and balanced chemical equations for processes A and B.
o List where processes A and B occur.

« Identify products C, D and E.

Also keep in mind the interrelationships between concepts. Section 12B will look in

12B ENZYMES
more detail at the structure and role of enzymes in helping catalyse (speed up) specific

e

5B FACTORS reactions. Chapter 5 will investigate the factors that affect rates of chemical reactions,
AFFECTING i
REACTION RATE @ which are relevant to these two processes.
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Section 1B questions

1 Light energy is converted into what form of energy during photosynthesis?

2 Students were investigating the relationship between the number of oxygen bubbles
produced by an aquatic green plant and the light intensity it was exposed to. They set
up two beakers with similarly sized sections of aquatic plant and placed one in the shade
and one next to a light source. The students recorded the number of bubbles given off by
each plant in two minutes. They then moved the plant near the light source, 10 cm away,
and repeated their recordings. They continued moving the plant back in 10 cm intervals
until the plant was 50 cm away from the light source.

)

Thermometer I N
i Oxygen
Light i Oxygen bubbles
source Test tube
M ~

- Beaker

: —- Water
Lioht — Funnel (inverted)
ig .
energy ~ Aquatic plant

Their results for the plant that was placed
in the light were graphed and shown on
the right.

a What chemical reaction does the
production of oxygen indicate is
occurring in the aquatic green plant?

b Write a balanced chemical equation
to represent the reaction from your
answer to part a above.

¢ From your understanding of this
process, which beaker is the students’
control?

d State the independent variable (what is being changed) and the dependent variable
(what is being measured) in the students’ investigation.

e Explain the trend observed in the data shown on the graph. Make sure to refer to

&0
70
60
50
40
30
20
10

Number of bubbles of oxygen in 2 minutes

0 : .
0] 10 20 30 40 50
Distance from light source (cm)

specific data in your answer.
3 Cells cannot directly use the chemical energy stored in glucose.

a Compare and contrast the two processes that break down glucose in plants and
animals. In your answer, include the chemical equation for each of these.

b The Study Design refers to the ‘oxidation of glucose as the primary carbohydrate
energy source’. Explain what this sentence means to someone who has a limited
understanding of chemistry.

4 Outline the relationship between the reactants and products of cellular respiration and
photosynthesis.
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Exothermic and endothermic reactions

Study Design: Glossary:

e Comparison of exothermic and endothermic Activation energy
reactions, with reference to bond making and Complete combustion
bond breaking, including enthalpy changes (AH) Endothermic
measured in kJ, molar enthalpy changes measured Enthalpy
in kJmol-! and enthalpy changes for mixtures Enthalpy change
measured in kJg!, and their representations in Exothermic
energy profile diagrams Incomplete combustion

e Determination of limiting reactants or reagents in
chemical reactions

e 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

@ ENGAGE

It’s getting hot!

What do composting vegetable waste and burning a candle have in common? While

it may seem like the answer should be ‘not much at all’, they are in fact linked as they
both involve chemical reactions that release heat into the environment! In this section,
you are going to gain an understanding of two different types of reactions and how they
either release or absorb heat from the environment. You will also investigate a specific
type of exothermic reaction, called combustion reactions, as a way of obtaining energy
from fuels. Lastly, you will learn how to draw energy profile diagrams to represent the
reactions occurring during these processes.

ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023
Photocopying is restricted under law and this material must not be transferred to another party.



ISBN 978-1-009-22984-5
Photocopying is restricted under law and this material must not be transferred to another party.

1C EXOTHERMIC AND ENDOTHERMIC REACTIONS 6

EXPLAIN

Exothermic and endothermic reactions

For a chemical reaction to occur, the bonds within the reactants must first be broken.
This requires energy and the exact quantity of energy is specific for each reaction. Every
reaction has a minimum amount of energy that is needed for the reaction to occur —
this is known as the activation energy and is represented by the symbol E. As a reaction
proceeds, new bonds must be formed to generate the products. Unlike breaking bonds,
this process releases energy. This can be summarised by the following statements:

Breaking bonds: requires energy from the environment
Forming bonds: releases energy to the environment

The chemical energy of a substance is called its enthalpy or heat content and has the
symbol H. The overall change in energy from reactants to products is known as the
enthalpy change (AH). The enthalpy change indicates whether more energy was required
to break the reactant bonds than was released forming the product bonds or vice versa. It
can be represented by the equation:

reaction reactant bonds broken

AH( ):ZH( )—ZH(

product bonds formed)

From this equation, we can see that there are two possible outcomes.

1 The energy required to break the bonds of the reactants is greater than the energy
released from forming the bonds in the products. In this instance, the AH will be
positive, and the reaction is referred to as an endothermic reaction.

2 The energy required to break the bonds of the reactants is less than the energy released
from forming the bonds in the products. In this instance, the AH will be negative, and
the reaction is referred to as an exothermic reaction.

Exothermic and endothermic reactions can be illustrated using energy profile diagrams
(Figure 1C-1).

Reactants

Energy
Energy

Reactants
AH

Products

Activation energy
the minimum
quantity of
energy required
so that a
chemical reaction
can proceed

Enthalpy

the internal
energy of a
chemical system
(plus the product
of pressure and
volume)

Enthalpy change
the difference in
enthalpy between
reactants and
products in

a chemical
reaction;

symbol AH

Endothermic
a reaction that
has a positive
enthalpy
change value
and absorbs
heat from the
environment

Exothermic

a reaction that
has a negative
enthalpy change
value and
releases heat to
the environment

»
>

Progress of reaction

Figure 1C-1 Exothermic (left) and endothermic (right) reactions can be illustrated using energy
profile diagrams. These diagrams show the activation energy (E,) of the reaction, as well as the
quantity of energy released or absorbed (AH).
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Enthalpy change (AH) has the units of joules, ] (or more commonly kJ), k] mol~! or k] g.

Table 1C-1 Enthalpy change units and when they are commonly used

Unit Circumstance when the unit is commonly used

J (or kJ) When the overall energy released is the important consideration

kJ mol-1 When the energy released per mole of compound is of interest. This should be
used when a comparison of fuel sources is required and the fuels in question
are composed of a single compound (e.g. pure substances only).

klg! When the energy released per gram of a substance is of interest. This should be
used when a comparison of fuel sources is required, but the fuels in question
are composed of multiple compounds, making it impossible to accurately
calculate kJmolL. It can also be used as an alternative to kJ mol~! for fuels with
only one compound.

Calculating the value for the enthalpy change of a reaction can be important in
understanding the energy content of fuels and foods. This will be covered in more depth
in Section 2B.

It is important to note that in an exothermic reaction, where the AH is negative, the
products are at a lower energy level than the reactants. This means that in an exothermic
reaction the products are more stable than the reactants.

It is the opposite when considering an endothermic reaction, where the AH is positive.
In these reactions, the reactants, which are at a lower energy level than the products, are
more stable.

Key points and differences between exothermic and endothermic reactions are summarised
in Table 1C-2.

Table 1C-2 Key features of exothermic and endothermic reactions

Exothermic Endothermic

AH is negative AH is positive

Reactions release energy/heat to the Reactions absorb energy/heat from the
environment. environment.

Products are more stable than the reactants. | Reactants are more stable than the products.
Must overcome the activation energy Must overcome the activation energy

to proceed to proceed

Check-in questions — Set 1

1 What is the difference between an exothermic reaction and an endothermic reaction?
2 Is the enthalpy change for an endothermic reaction positive or negative? Explain why.
3 What is the minimum quantity of energy required for a reaction to proceed?
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1C EXOTHERMIC AND ENDOTHERMIC REACTIONS e

Combustion of fuels

Earlier in this chapter, we discussed fuels as sources of energy. To obtain energy from these
types of fuels, they must undergo combustion reactions. Combustion reactions involve
reacting an organic fuel in the presence of oxygen gas, and produce carbon dioxide, water
and heat energy. As heat energy is released as part of these reactions, all combustion
reactions are exothermic.

Knowledge of combustion reactions means they can be employed in society’s favour. This
can allow for more efficient consumption of petrol in a car or to maximise the energy
produced in thermal power plants. With the increasing severity of bushfires in Australia,
there has been a growing resurgence of interest in examining the techniques of First
Nations cultural (or cool) burning, the oldest known farming practice in the world. First
Nations rangers and traditional owners in the Kimberley region in northern Western
Australia perform targeted burnings during the early dry season (March to July) to
minimise the most dangerous season for bushfires (August to November).

Combustion reactions can be represented by thermochemical equations, which not only
show the reactants and products of the reaction, but also the energy released.

Let’s start by writing the balanced equation for the complete combustion of methane:
CH,(g) + 20,(g) — CO,(g) + 2H,0(g)

The first thing that you might notice in the above equation is that water is present in
the gaseous state (that is, as water vapour), rather than as a liquid. This is because all
combustion reactions occur at high temperatures that are above the boiling point of water.

This equation, however, is not a thermochemical equation. For this, we need to add in the
enthalpy change data for the combustion of methane. For many common fuels, the heat of
combustion has been determined experimentally, and the values are provided in the VCAA
Data Book. Using this, we see that the heat of combustion for methane is given as 55.6 k] g~
or 890 k] mol~!. This can then be added to our balanced equation to give us a complete
thermochemical equation as follows:

CH,(g) + 20,(g) — CO,(g) + 2H,0(1) AH = —890 kJ mol~!

NOTE

You will notice that in the thermochemical equation, the state for the water produced is now
liquid (). This is because all reactants and products must be in their standard states at SLC
(standard laboratory conditions; 25°C, 100 kPa).

With this information, it is possible to calculate the quantity of heat released from

the combustion of methane in almost any given situation at 25°C and 100 kPa. This
thermochemical equation tells us that the combustion of one mole of methane releases
890 kJ of energy. If two moles of methane underwent combustion, 1780 k] of energy (that is,
2 x 890) would be released. You will learn more about how to perform these calculations
in Section 2A. In these instances, we are assuming that the fuel continues to react until

it is all gone. This is true if the reaction takes place with an abundance of oxygen gas;
however, this isn’t always the case. If the oxygen is depleted before the fuel, the reaction
is known as incomplete combustion. Due to the lack of oxygen present, different carbon-
containing products are formed from this reaction: solid carbon, carbon monoxide gas
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@ CHAPTER 1 CARBON-BASED FUELS

and carbon dioxide gas. Shown below is one possible equation for the incomplete
combustion of methane, where carbon monoxide, rather than carbon dioxide, is the only
carbon-containing product generated:

2CH,(g) + 30,(g) — 2CO(g) + 4H,0(l)

If incomplete combustion occurs, the energy released will be less than if complete
combustion occurs. To determine whether complete or incomplete combustion will occur in
certain circumstances, we need to understand the concept of limiting and excess reagents.

NOTE

In some cases of incomplete combustion, solid carbon, C(s), is also produced as a product. This
can be observed as soot.

Limiting and excess reagents
In Unit 2, you learned about a variety of different applications where you may be required

UNIT 2 L. . . . .
to perform stoichiometric calculations. As part of this, you were introduced to the concept
of mole ratios, which are represented by the coefficients in a chemical equation and provide
VIDEO 1C-1 information about the relative amounts of each compound needed for the reaction to occur.
ANDLIE,\)A(ICTg\ég In a way, this is similar to how a recipe provides instructions on the different quantities of
REAGENTS ingredients required to make a meal or bake a cake.
Let’s look at part of a hypothetical recipe for a banana cake. As well as other ingredients, the
recipe says that to make one cake we need:
« 3 bananas
o 2eggs
e 1 cup of milk.
Pantry 1 Pantry 2 Pantry3  We can essentially express this in the same way that we would a

balanced chemical reaction:

) ) )

3 bananas + 2 eggs + 1 cup of milk — 1 banana cake

y
This shows us that the numbers (or coefficients) in front of each
W ingredient provide the ratio required to make our product, the
& banana cake. Now let’s look at the ingredients contained within
W three potential pantries (Figure 1C-2).

y

N’ N

Referring to our original recipe equation, we need: 3 bananas,
2 eggs and 1 cup of milk.

For each pantry, our equation looks like this:

Pantry 1: 3 bananas + 2 eggs + 1 cup of milk — ? banana cakes

OO o W\

)
)
l
(

an
an

Pantry 2: 3 bananas + 4 eggs + 2 cups of milk — ? banana cakes
Pantry 3: 6 bananas + 3 eggs + 2 cups of milk — ? banana cakes

In each instance, you can see that we need to work out the total
Figure 1C-2 Using cake ingredients to model ~ number of banana cakes that we can make from the ingredients
mole ratios that we have.

In pantry 1, we have the exact number of each ingredient required by the original recipe to
make a single banana cake.
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1C EXOTHERMIC AND ENDOTHERMIC REACTIONS @

In pantry 2, we can see that we have double the number of eggs and double the number
of cups of milk required to make a single banana cake. However, if we wanted to make

two banana cakes, we would also need 6 bananas. We only have 3 bananas in this pantry,
which is only enough to make 1 banana cake. In this instance, the bananas are our limiting

ingredient (or reagent). In contrast, the eggs and milk will both be present in excess.

In pantry 3, we can see that we have double the number of bananas and double the

number of cups of milk required to make a single banana cake. However, if we wanted to
make 2 banana cakes, we would also need 4 eggs. While we have more eggs than we need

to make a single cake (2 eggs), we still have less than we need to make 2 cakes (4 eggs).
This means that in this pantry, the eggs are our limiting ingredient and the bananas and
milk will both be present in excess.

From this example, it should be clear that we can only make as many cakes as our limiting
ingredient allows. By applying our ingredient ratios to pantry 3 and only focusing on the
limiting ingredient, we can calculate the following:

2 eggs: 1 cake

3 eggs: 1.5 cakes

While this example may have just made you crave banana cake, it also illustrates perfectly

the concept of limiting and excess reagents and how they can be used to calculate the

theoretical amount of product that can be generated from a chemical reaction.

Let’s now look at a specific worked example using the combustion of methane.

Worked example 1C-1: Determining the limiting reagent

A 2.0 mol sample of methane (CH,) reacts in the presence of 6.0 mol of oxygen (O,) to
produce carbon dioxide (CO,) and water (H,O). Determine the limiting reagent in this

reaction.

Solution

Step 1 | Write a balanced equation for the CH,(g) + 20,(g) — CO,(g) + 2H,0(g)
reaction.
Step 2 | Write the relevant information provided | CH,(g) + 20,(g) — CO.(g) + 2H,0(g)
in the question under the equation. n(CH,) = 2.0 mol; n(0,) = 6.0 mol
Step 3 | Calculate the number of moles of n(CH,) : n(0,)=1:2
each reactant using coefficients in the | So, 2 mol of CH, would react with
equation. 4 mol of O.,.
Step 4 | Based on the moles present of one 4 mol of O, required
reactant, work out how much would 6 mol of O, present
be required of the other, based on the | O, present > O, required
mole ratio in the equation.
Step 5 | Determine if the amount of the second | There is more oxygen present than
reagent is more or less than what is required.
required from Step 3.
Step 6 | State the limiting reagent. Methane is the limiting reagent.
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@ CHAPTER 1 CARBON-BASED FUELS

As you can see in Worked example 1C-1, the oxygen is in excess and so this will lead to
complete combustion. You can also see from this example that we need to know the moles
of each reactant to determine the limiting and excess reagents. However, if you are given a
mass, as in the following example, you need to complete an extra step.

VIDEO

EXAMP\{VEO%EI; Worked example 1C-2: Determining the limiting reagent in moles

Methane (CH,) reacts in the presence of oxygen (O,) to produce carbon monoxide (CO)
and water (H,O). Initially, 8.0 g of methane and 16.0 g of oxygen are present. Determine
the limiting reagent in this reaction.

Solution

Step 1 | Write a balanced equation for | 2CH,(g) + 30,(g) — 2CO(g) + 4H,0(g)
the reaction.
Step 2 | Write the relevant information | 2CH,(g) + 30,(g) » 2C0O(g) + 4H,0(g)
provided in the question under |m=80g m=160g¢g

the equation.

Step 3 | Calculate the amount, in mol, -m
n(CH,) ==
of each reactant.

_ 80¢g
nCH,) = 16.0 g mol!

n(CH,) = 0.50 mol

n(0,) =1

M 16.0

_ Vg

MO} = 32.0 g mol!

n(0,) = 0.50 mol

Step4 | Based on the moles present n(CH,) : n(0,)=2:3

of one reactant, work out how 0.50 mol of O, would react with 0.33 mol
much would be required of the | of CH,.

other, based on the mole ratio
in the equation.

Step 5 | Determine if the amount of the | 0.33 mol of CH,, required
second reagent is more or less | 0.50 mol of CH, present

than what is required from CH, present > CH, required
Step 3.
Step 6 | State the limiting reagent. As there is more CH, present than required,

CH, is the excess reagent, making O, the
limiting reagent.

Lastly, once we have determined the limiting reagent, we can also use this information
to calculate the amount or mass of a product, or the quantity of heat in the case of
combustion, that is generated from the reaction. This type of question is illustrated in
Worked example 1C-3.
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VIDEO
WORKED
EXAMPLE 1C-3

Worked example 1C-3: Determining the mass of the product or the quantity

of heat

Using the reaction from Worked example 1C-2, determine the mass of carbon
monoxide that would be produced. We will start from the beginning and add extra steps
at the end to show how this question could be done in its entirety.

Solution

Step 1 | Write a balanced equation for 2CH,(g) + 30,(g) — 2CO(g) + 4H,0(g)

the reaction.

Step 2 | Write the relevant information 2CH,(g) + 30,(g) = 2C0O(g) + 4H,0(g)

provided in the question under | m=80g m=160g¢g
the equation.

Step 3 | Calculate the amount, in mal, A(CH,) = m
of each reactant. M

80g
H)=—>-5
MCH) =T 5 g mor
n(CH,) = 0.50 mol
n(0,) ="
(0,) m
~ 1e0g
%) = 32.0 g mol!
n(0,) = 0.50 mol

Step 4 | Based on the moles present n(CH,) : n(0,) =2 :3
of one reactant, work out how 0.50 mol of O, would react with 0.33 mol
much would be required of the | of CH,.
other, based on the mole ratio
in the equation.

Step 5 | Determine if the amount of the | 0.33 mol of CH,, required
second reagent is more or less | 0.50 mol of CH, present
than what is required from CH, present > CH, required
Step 3.

Step 6 | State the limiting reagent. As there is more CH, present than required,
CH, is the excess reagent, making O, the
limiting reagent.

Step 7 | Use the number of moles of the | n(O,) : n(CO) =3: 2

limiting reagent and the mole n(0,) = 0.50 mol
ratio to calculate.the number of | o produced) = 2 % 0.50 = 0.33 mol
moles of the desired product. 3

Step8 | yse 1= to calculate the n(CO) = %

mass in grams produced. m(CO)=nx M
m(CO) = 0.33 mol x 28.0 gmol!
m(CO produced) =9.3 g

Linking this back to combustion reactions, we can now understand the main difference
between complete and incomplete combustion and summarise it as follows:

« complete combustion: the fuel is the limiting reagent, oxygen is the excess reagent

« incomplete combustion: the fuel is the excess reagent, oxygen is the limiting reagent.
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VIDEO 1C-2
SKILLS:
REPRESENTING
AND ANALYSING
ENERGY
PROFILE
DIAGRAMS

It is important to always be aware of limiting and excess reagents when performing
calculations for chemical reactions. It will not always be clearly indicated that this is a
required step, but it is important in order to obtain the correct answer.

1C SKILLS

Representing and analysing energy profile diagrams

Being able to draw fully labelled energy profile diagrams is an important skill for
assessments. However, you also need to be able to explain what each part of the energy
profile diagram represents, as well as connect this to key chemistry terms for this topic.
Consider the example shown below.

Energy from the environment| | Energy released to the
required to break bonds in environment in the forming
the reactant(s) of bonds in the product(s)

Activation energy (E,)

*The double-headed arrow must extend
from the base energy of the reactants to the
peak of the graph. Therefore, it is good to
include a dotted line using a ruler.*

Energy

Enthalpy change, (AH), representing
the difference in energy between the
reactants and the products

Progress of reaction

An energy profile diagram like the one above could be given to you in a question. The

following are some example tasks that you may be asked to complete:

o Label the activation energy (answer shown in purple above).

« Label OR explain the enthalpy change (answer shown in orange above).

o Describe why the amount of energy increases initially in the energy profile diagram
(answer shown in green above).

 Describe why the amount of energy decreases following the top of the peak in the energy
profile diagram (answer shown in blue above).

Note, when labelling the activation energy or enthalpy change you need to be precise
with placement of arrows otherwise you will lose marks. Using a ruler to draw a dotted
horizontal line makes this labelling easier.

Another question may be: Does the energy profile diagram represent an exothermic or
an endothermic reaction? Justify your reasoning.

For this question, you should note that as this is a 50:50 choice, you do not get a mark
for making the correct selection. The term ‘justify’ means you need to provide evidence/
reasons why the energy profile diagram is exothermic or why it is not endothermic. As
such, if this was a 2-mark question, your answer should look as follows:

Exothermic (no mark)

The energy of the products is lower than the energy of the reactants (1 mark) OR the
enthalpy change (AH) is negative. (1 mark)

Whereas, for endothermic reactions the energy of the products is higher than the energy of
the reactants OR the enthalpy change (AH) is positive. (1 mark)
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Section 1C questions

1 Compare and contrast
exothermic and endothermic
reactions.

2 Octane (CgH,,) is a common
hydrocarbon found in petrol.

a Write a balanced
thermochemical equation for
the combustion of octane.

b Copy the following axes into
your workbook and draw the
energy profile diagram for
the combustion of octane.

A

Energy

On your diagram, label Progress of reaction -
the enthalpy change of the
reaction, AH, and the activation energy, E..
3 Sodium metal undergoes a vigorous exothermic reaction with water to produce
hydrogen gas and aqueous sodium hydroxide according to the equation:
2Na(s) + 2H,0(l) — 2NaOH(aq) + H,(g) AH = -368 k] mol™!
A 0.500 g piece of sodium metal is placed in a beaker containing 100 mL of water.
a Determine the limiting reagent in this reaction.
b Determine the mass of hydrogen gas that would be produced.
¢ Determine the concentration, in mol L™}, of sodium hydroxide present after the
reaction has gone to completion.
d Determine the energy released, in kJ.
4 A mixture contains equal parts by mass of methanol and ethanol. (Heat of combustion
of methanol = 22.7 k] g~1; Heat of combustion of ethanol = 29.6 k] g!)
A 100 g sample of this fuel mixture undergoes complete combustion in excess oxygen.
a Calculate the mass of each product.
b Calculate the energy released, in MJ.
¢ Calculate the mass of carbon dioxide gas released.
d Calculate the mass of the fuel mixture
required to undergo complete
combustion to produce 100 k] A
of energy. 240 -
5 Using the energy profile diagram on the
. . . ~ 200 1
right, answer the following questions. =
a Does the energy profile diagram depict 2 1601
an endothermic or an exothermic = 1204
reaction? Justify your reasoning. =
b What is the enthalpy change, AH, of s 807
the reaction? * 40
¢ What is the activation energy, E, of 0 >
the reaction? Progress of reaction
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Chapter 1 review

Summary

Create your own set of summary notes for this chapter, on paper or in a digital document. A model
summary is provided in the Teacher Resources and can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to:

Linked questions

1A.1 Define ‘fossil fuels’, ‘biofuels’, ‘renewable’ and 10, 1103
‘non-renewable’
1A.2 Compare and contrast the different types of fossil fuels 110
1A.3 Compare and contrast the different types of biofuels 4[]
1A.4 Describe the process of producing bioethanol from glucose 12
1A.5 Recall that distillation is used in the production of bioethanol 12
1A.6 State the equation for the fermentation of glucose 12
1A.7 Explain the advantages and disadvantages of fossil fuels 110, 1200
and biofuels
1B.1 Describe the process of photosynthesis 70]
1B.2 State the equation for photosynthesis o[, 12
1B.3 Describe the process of cellular respiration 3]
1B.4 State the equation for cellular respiration 12
1C.1 Compare and contrast exothermic and endothermic reactions 501, 1100
1C.2 Define ‘activation energy’ 6]
1C.3 Define ‘enthalpy’ and ‘enthalpy change’ 2, 6]
1C.4 Draw and fully label energy profiles for exothermic and 1301
endothermic reactions
1C.5 Identify the limiting reagent in a given chemical reaction 100, 1300
1C.6 Calculate the mass, concentration or volume of various reactants 130
or products in a given chemical equation when a limiting reagent
is present
1C.7 Compare complete and incomplete combustion reactions of fuels 130
1C.8 State that all combustion reactions are exothermic 8], 13[]
1C.9 Determine the balanced thermochemical equation for complete 130

and incomplete combustion of organic molecules
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Multiple-choice questions

1 Which of these statements best describes a fuel that is renewable?
A fossil fuels that are produced at the same rate at which they are consumed
B fossil fuels that are produced at a slower rate than they are consumed
C biofuels that are produced at the same rate at which they are consumed

D biofuels that are produced at a slower rate than they are consumed

2 What would be the most appropriate units to compare the enthalpy change of the combustion
of two different fuels, both containing a mixture of components?

A K]
B kjg!
C kJmol™!
D gmol™
3 What type of reaction does glucose undergo in cellular respiration?
A oxidation
B reduction
C displacement
D neutralisation
4 Which of the following biofuels is made from decomposing plant and animal materials?
A biogas
B biodiesel
C bioethanol
D biopetroleum
5 In an endothermic reaction, the
A enthalpy change is negative.
B products are more stable than the reactants.
C reaction releases energy in the form of heat.

D energy required to break bonds in the reactants is greater than the energy released to form
the bonds in the products.

6 From the table below, identify the correct explanations for both enthalpy change and activation

energy.
Enthalpy change Activation energy
A | The sum of the energy of the products The minimum quantity of energy required
minus the energy of the reactants so that a chemical reaction can proceed
B | The sum of the energy of the reactants and | The maximum quantity of energy required
the products to break the bonds in the reactants so that
new products can be formed
C | The difference in total energy between The minimum quantity of energy required
reactants and products in a chemical so that a chemical reaction can proceed
reaction
D | The amount of energy released from the The quantity of energy required to form
breaking of bonds bonds in products
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7 In the process of photosynthesis, which of the following best outlines the main energy
transformation taking place?

A light — heat
B light — chemical
C chemical — heat
D carbon dioxide — glucose
8 Both the complete and incomplete combustion of octane, CeH, g
A occur in the presence of excess oxygen gas.
B produce carbon monoxide.
C are exothermic reactions.
D have positive enthalpies.
9 Which of the following shows the correctly balanced chemical equation for photosynthesis?
A 6CO,(g) + 12H,0(1) — 60,(g) + C,H,,0(aq)
B 6CO,(g) + 6H,0(I) — 60,(g) + C,;H,,0.(aq)
C 6CO,(g) + 6H,0(l) = 60,(g) + CHO,,(aq)
D C.H,,0O((aq) + 60,(g) — 6CO,(g) + 6H,O(I)
10 Ethane (C,H,) and oxygen react to form carbon dioxide and water. If 0.8 g of ethane reacts with
0.25 g of oxygen, which reactant is limiting?
A oxygen
B ethane
C carbon dioxide
D

neither reactant is limiting

Short-answer questions

11 Concerns from society about the rising levels of greenhouse gas emissions are continuing
to drive our focus on aspects of different types of fuels. Coal is one of Australia’s largest
exports; however, the mining and burning of coal is a major contributor to our greenhouse
gas emissions.

a List the two forms of greenhouse gases that are released from the plant remains

during the formation of coal. (1 mark)
b What conditions help to cause the release of these greenhouse gas emissions

from the coal beds? (1 mark)
¢ Coal is an example of a fossil fuel. Explain why, by comparing this to biofuels. (2 marks)

In the Latrobe Valley, east of Melbourne, an electricity generation company is
planning to replace a thermal power station fired by brown coal with a thermal
plant fired by natural gas. Natural gas offers many potential benefits because it
results in the release of less greenhouse gases.

d Using your knowledge of natural gas, explain why less greenhouse gases

are emitted. (2 marks)
e Would you say that natural gas is renewable? Explain. (1 mark)
f Isthe burning of natural gas an example of an exothermic or an endothermic
reaction? Explain. (2 marks)
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g One issue with the location of the natural gas plant further from Melbourne
is that more energy is lost in the transmission of electricity through power lines
than the amount of energy lost by the flow of gas in pipelines. What is one
potential solution to this problem for the electricity company? (1 mark)

h Outline why biogas is considered an example of a renewable energy resource. (2 marks)

12 Bioethanol is primarily produced by the fermentation of glucose and sucrose
by yeast, such as Saccharomyces cerevisiae, or bacteria, such as Escherichia coli.

a Define ‘fermentation’ and include both a word equation and a balanced
chemical equation illustrating the type of fermentation Saccharomyces
cerevisiae would carry out. (3 marks)

b Bioethanol production can also use starch from corn. However, biomass
of this sort must be pretreated prior to fermentation. Define ‘biomass’. (1 mark)

¢ Outline one advantage and one disadvantage with the use of bioethanol
compared with petrol. (2 marks)

13 In the presence of oxygen, plants and animals can perform aerobic cellular respiration.
Writing balanced chemical equations, explain how the processes of aerobic cellular
respiration and photosynthesis are linked. (3 marks)

14 Propane is a common fuel used in portable burners, such as those found in
camp stoves. In certain situations, there is not enough ventilation for the fuel
to burn completely. This can be quite dangerous, as it leads to the production
of carbon monoxide. Carbon monoxide is a colourless, odourless gas that can
be poisonous if inhaled in large enough quantities. This is one reason why camp
stoves have warnings not to be used inside a tent, as the carbon monoxide
can build up quite quickly and lead to unconsciousness and death.

a Write a balanced chemical equation for the incomplete combustion reaction of

propane occurring at 25°C and 100 kPa, assuming that carbon monoxide is

the only carbon-based product formed. (2 marks)
b Describe how you know that oxygen will be the limiting reactant in this

reaction. (1 mark)

¢ A standard camping stove comes with 468 g of propane gas in a canister.
If this is burned in the presence of 1050 g of oxygen gas, determine the

mass (in g) of carbon monoxide that will be produced. (2 marks)
d Determine the mass of fuel that remains following the reaction. (1 mark)
e Calculate the energy released in MJ. (2 marks)
f Draw a fully labelled energy profile diagram for this reaction. (4 marks)
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CHAPTER MEASURING CHANGES IN

2 CHEMICAL REACTIONS

Introduction y
Energy is involved in almost every aspect of our lives. The food we eat for INTRODUCTION

breakfast, lunch and dinner provides our bodies with the energy that they need VIDEO

to function. The petrol that we use to fill up our cars and motorbikes provides '\C"I_Elﬁﬁgg's'\‘&

the energy that they need to run. Electrical energy powers all our equipment CHEMICAL

and devices, lights up our homes and helps us communicate all over the world. REACTIONS

In this chapter, we will focus on the energy that is generated from the chemical ™

reactions involving fuel and food. You will apply stoichiometry to a real-world
problem — the emission of greenhouse gases — and learn how to quantitate the energy

produced from combustion reactions.

Curriculum
Area of Study 1 Outcome 1

What are the current and future options for supplying energy?

Study Design:

e (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

Learning intentions — at the end of the
chapter | will be able to:

2A Measuring greenhouse gases

2A.1 Recall principles of stoichiometry in
balancing equations

2A.2 Determine the heat produced from
combustion reactions using the
equation E=AH x n

2A.3 Use stoichiometry to calculate reactant
and product amounts, and net volume
or mass of major greenhouse gases

and 100 kPa 2A.4 Perform calculations involving excess
and limiting reagents in combustion
reactions
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Study Design:

e The use of the specific heat capacity of water
to approximate the quantity of heat energy
released during the combustion of a known
mass of fuel and food

e The principles of solution calorimetry,
including determination of the calibration
factor and consideration of the effects of heat
loss; analysis of temperature—time graphs
obtained from solution calorimetry

e Energy from fuels
— calculation of energy transformation

efficiency during combustion as a
percentage of chemical energy converted
to useful energy

e Energy from food:

— calculation of energy transformation
efficiency during combustion as a
percentage of chemical energy converted
to useful energy

— comparison and calculations of energy
values of foods containing carbohydrates,
proteins and fats and oils

Learning intentions — at the end of the
chapter | will be able to:

2B

2B.1

2B.2

2B.3

2B.4

2B.5

2B.6

2B.7

2C
2C.1

2C.2

2C.3

Measuring energy released from
chemical reactions

Define ‘specific heat capacity’ and

its units

Recall the properties of water that lead
to its use in specific heat experiments
Perform calculations using the
equation g = mcAT

State the principles of solution
calorimetry

Analyse graphical data to determine
the calibration factor of a calorimeter
Use experimental data to calculate
the calibration factor of a calorimeter
and energy produced from chemical
reactions

Calculate energy transformation
efficiency from given experimental data

Measuring energy from food

Use reference tables for heats of
combustion of different food groups
Determine the energy content of a food
based on food group composition
Calculate the energy content of a food
using calorimetry

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

Glossary

Calorimetry

Enhanced greenhouse effect
Global warming
Greenhouse gas

Line of best fit
Molar volume
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Solution calorimeter
Specific heat capacity
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Standard laboratory conditions
Stoichiometry
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@ CONCEPT MAP

Concept map

2A Measuring greenhouse gases
Calculating the quantity of
greenhouse gases produced from
combustion reactions

2B Measuring energy released
from chemical reactions
Using solution calorimetry to
determine the amount of
heat energy released or
absorbed from reactions

2C Measuring energy from food
Understanding how nutritional
content determines the quantity
energy contained within food

The natural greenhouse effect

Step 2:
Approximately half the
radiation is reflected or
absorbed by Earth’s
atmosphere and clouds.

Step 4:
Earth releases heat in
the form of infrared

radiation (IR).

Step 1:
The Sun’s radiation in
the form of sunlight

travels towards Earth.

Step 5:

Some IR escapes
into space, allowing
Earth to cool.

Step 6:
The remaining IR is
trapped by gases in the
. air, such as COp, retaining
v warmth and allowing
\ the planet to sustain life.

enetrates throughito
befabsorbed|by/the land
andloceans:

Stirrer

Thermally insulated cover
Thermally insulated seal

Reaction mixture

Insulated container

of

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.

© Cambridge University Press & Assessment 2023
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2A MEASURING GREENHOUSE GASES @

- Measuring greenhouse gases

X Study Design: Glossary:
e (Calculations related to the application of Enhanced greenhouse effect
stoichiometry to reactions involving the Global warming
combustion of fuels, including mass— Greenhouse gas
mass, mass—volume and volume—volume Molar volume
stoichiometry, to determine heat energy Standard laboratory conditions

released, reactant and product amounts and  Stoichiometry
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

Q ENGAGE

Lowering greenhouse gas emissions for global security

In 2015, the Conference of the Parties (COP) to the United Nations Framework
Convention on Climate Change held a summit in Paris that set down a landmark treaty
on greenhouse gas emissions targets that was supported by 196 member nations. In
November 2016, that treaty was ratified and became legally binding. The goal is to limit
global warming to 1.5°C compared to pre-industrial levels and reach peak greenhouse
gas production as soon as possible.

In 2020, countries submitted their plans to reach their peak targets and the global
warming limit. While COP27, held in Egypt in 2022, revealed the political difficulties in
meeting the 1.5°C target, the 2015 Paris Agreement set the wheels in motion for many
countries to set low-carbon solutions, carbon economies and carbon neutrality targets,
all in the name of reaching this goal. This has led to new jobs, new industries and the
hope that by 2030 zero-carbon solutions could be viable options in sectors that currently
represent 70% of global greenhouse gas emissions.

aons U ges 2015 "

paris, France

Figure 2A-1 Heads of delegations at the United Nations Summit in Paris, 2015
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@ CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

5

1C EXOTHERMIC

AND

ENDOTHERMIC

REACTIONS

Greenhouse gas
a gas that
absorbs and
emits infrared
radiation in the
atmosphere,
causing warming
of Earth’s
surface

Enhanced
greenhouse
effect

the change

of the normal
climate
equilibrium on
Earth, primarily
increased global
temperatures;
caused by
increased
emissions of
greenhouse
gases; also
known as global
warming

Global warming
the long-term
warming of
Earth’s surface
temperature,
observed

since the pre-
industrial period

1C EXOTHERMIC

AND

ENDOTHERMIC

REACTIONS

ISBN 978-1-009-22984-5

EXPLAIN
Greenhouse gases and chemical reactions

Before beginning to explore chemical reactions in more depth, let’s first refresh our
understanding of how greenhouse gases are produced.

Combustion reactions

As you learned in Section 1C, combustion reactions occur when a hydrocarbon is burned
in the presence of oxygen. This results in the production of carbon dioxide (CO,) and
water vapour (H,O), which are greenhouse gases. Other well-known greenhouse gases
include nitrous oxide (N,0), ozone (O,) and methane (CH,). Methane is emitted during
the extraction and transport of natural gas, as well as from livestock and other agricultural
activities. These gases allow sunlight to pass through Earth’s atmosphere, but they trap the
heat that is reflected from the surface, preventing it from radiating out into space. This
process is known as the greenhouse effect, and it is what makes Earth warm enough to
support life as we know it.

The natural greenhouse effect

Step 2:

Approximately half the

radiation is reflected orStep 4:

absorbed by Earth’s  Earth releases heat in
atmosphere and cloudsthe form of infrared Step 5:

radiation (IR). Some IR escapes
into space, allowing
Earth to cool.

Step 6:

The remaining IR is

trapped by gases in the

air, such as CO», retaining
' warmth and allowing

\

', the planet to sustain life.

Step 1:
The Sun'’s radiation in
the form of sunlight

travels towards Earth.

andioceans: oo

Figure 2A-2 A representation of the natural greenhouse effect

However, an increase of these gases, particularly the ones caused by human activity,

such as CO, and CH,, causes an enhancement of the greenhouse effect, known as the
enhanced greenhouse effect, which leads to global warming and climate change. Being able
to calculate how much greenhouse gas will be produced from a reaction is therefore critical
in determining the suitability of a reaction or process in line with the societal goals of
decreasing global warming.

When writing combustion reactions, it is also standard practice to state the enthalpy of the
given reaction.

Drummond et al
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2A MEASURING GREENHOUSE GASES e

Common combustion reactions

There are several common reactions that produce different greenhouse gases. Carbon
dioxide (CO,) is produced when fossil fuels, such as coal, petrol and natural gas, are burned
for energy. For example, the combustion of octane in a car engine has the equation:

2CH, (1) + 250,(g) — 16CO,(g) + 18H,0()  AH = -10920 kJmol-!

Not all combustion reactions go to completion. For example, carbon monoxide (CO)

is produced when fuels burn incompletely. For incomplete combustion reactions, the
enthalpy value can vary depending on the conditions. This is because ‘imperfect’ conditions,
such as a lack of oxygen or low temperatures, can lead to incomplete combustion.

Determining heat energy production from the combustion of fuels
Combustion is the chemical process that produces heat energy from the oxidation of fuels.
We can experience the benefits directly around an open fire or indirectly in powering

our homes and vehicles, where the energy from combusted fuels drives other processes.
Combustion reactions are always exothermic — that is, they release heat energy.

To determine the energy released from the combustion of some fuels, we can use the
reference tables found in the VCAA Data book for ‘Molar heat of combustion’, measured in
k] mol-1, as shown below.

Table 2A-1 Molar heat of combustion values for some common fuels at 25°C and 100 kPa

Fuel Molecular formula Molar heat of combustion (kJmol-1)
Methane CH, 890
Propane C5Hg 2220
Butane C,Hpo 2880
Pentane CsHys 3510
Octane CgHig 5460
Methanol CH,0H 726
Ethanol CH,CH,OH 1360
Hydrogen H, 282
Glucose CeH1206 2840

While heat energy transformation into other forms isn’t 100% efficient, a large portion
of this energy produced from combustion reactions can be put to use. Depending on the
amount of fuel available, which is expressed in moles, a certain amount of energy can be
released, as shown in Worked example 2A-1 on the following page.

1A TYPES OF
FUELS

1€ EXOTHERMIC
AND
ENDOTHERMIC
REACTIONS

ity Press & Assessment 2023



@ CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

HORKED Worked example 2A-1: Calculating heat energy produced from burning
EXAMPLE 2A-1 a fuel sample

A 100.0 kg quantity of ethanol, C,H.OH, is burned in an industrial stove with an open
air-intake. How much energy, in M]J, will be produced if all the ethanol is burned?

Solution

Step 1 Write down the information that you m(C,H;0H) = 100.0 kg = 100000 g
have about the known substance. M(C,H.OH) = 46.0 gmol!
n(C,HOH) =?
Step 2 Calculate the amount of substance m(C,H;0H)
being combusted in moles. M(C,HsOH) = M(C,H,OH)
_ 100000 g
46.0 g mol!
=2173.9 mol
Step 3 Determine the energy produced by E= 1360 kJmol! x 2173.9 mol
multiplying n(C,H;OH) by the molar — 2956504 kJ
heat of combustion of ethanol.
Step 4 Convert result to MJ. = 2956504 kJ
1000
= 2960 MJ

Special conditions of stoichiometry
The amount of energy emitted or required for a reaction can vary considerably, as can

f;OiChiOTit[[)_’ the amount of greenhouse gas produced. It is important to consider two things here:
€ quantitative P o1 e

relatqionship o The energy value of the enthalpy is in kilojoules.

between two or o The amounts are ‘per mole’ of reference material.

more substances

during a

reaction. based This last point should help us realise how important stoichiometry will be to success in

on the ratio in calculations of greenhouse gas emissions. To do this, we must first be able to successfully
balance an equation.

which they react
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Converting stoichiometrically from different units

In addition to basic calculations, there are times when we don’t need to convert to/from
the amount in moles, #, and we can convert stoichiometrically from different units. This is
represented diagrammatically in Figure 2A-3.

VIDED
Worked example 2A-2: Calculating the moles of product in combustion WORKED
EXAMPLE 2A-2

When 0.5 mole of pentane is burned in excess oxygen, how many moles of carbon
dioxide are produced?

Solution
Step 1 | Write a balanced equation for CsHio(8) + 80,(g) — 5C0,(g) + 6H,0(g)

the reaction.

Step 2 | Write down the information that you | n(C;H,,) = 0.5 mol
have about the known substance.

Step 3 | Determine the stoichiometric ratio | From the equation, the coefficient of

from the equation. pentane is 1 and CO, is 5.
n(CgH1,) : n(CO,) = 1:5
Step 4 | Use the stoichiometric ratio to 5 times the amount of CO,, is produced per
determine the amount of unknown | amount of pentane
substance. 2 n(CO,) =5 x NC.H,,) =5 x 0.5 =25 mol
Known Unknown

Unknown mass of

m=nxM substance

Known mass of
substance

From

Known moles of coefficients Unknown moles of
substance (1) | in chemical substance (n)

Standard lab equation Standard lab
conditions; known conditions; unknown
volume of gas Vi n = moles volume of gas

m =mass (g)
M = molar mass (g mol-1)

V' =volume (L)
V;, = molar volume (L mol-1)

Figure 2A-3 Different inputs and how they can get to different outputs through stoichiometric ratios
For example, the result of Worked example 2A—2 can be represented as shown in Figure 2A—4.

CgHio(g) + 80,5(g) «—> 5CO4(g) + 6H,0(g)

l Ratio of
N(CHyp) = 0.5 20001

Figure 2A-4 Using stoichiometric ratios from Worked example 2A-2
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@ CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

VIDED
WORKED Worked example 2A-3: Calculating the moles of product in combustion
EXAMPLE 2A-3

When 11 moles of octane are completely combusted in oxygen, how many moles of
water are produced?

Solution
Step 1 | Write a balanced equation for 2CgH g(g) + 250,(g) — 16C0O,(g) + 18H,0(1)
the reaction.
Step 2 | Write down the information n(CgH,g) = 11 mol
that you have about the known
substance.

Step 3 | Determine the stoichiometric ratio | From the equations, the number in front of

from the equation. octane is 2 and 18 for H,0.
n(CgHg) : n(H,0)=2:18=1:9
Step 4 | Use the stoichiometric ratio to n(H,0) =9 x n(CgH )
determine the amount of unknown _9x11
substance.

=99 moles of water

Check-in questions — Set 1

1 Define the following terms: combustion, greenhouse gas, global warming.
2 Draw a diagram that shows the relationship between all the different formulas for
amount of substance, mass, volume, pressure and temperature.
3 a A promising fuel is hydrogen, as water is the main by-product of its combustion
reaction. What amount of water, in moles, is produced from the combustion of
3.33 moles of hydrogen fuel?
b How much energy is released from the combustion of 3.33 moles of hydrogen fuel?

Mass—mass stoichiometry

For mass—mass stoichiometry, we’re interested in the mass of product produced from a
given mass of reactant or vice versa. To calculate this successfully, we need to determine
the number of moles of the substance we have information for and then follow our ‘down,
across, up’ process, as shown in Figure 2A-3.

. . m
1 Convert the given mass of a substance to moles using n = e

2 Use the mole ratio in the thermochemical equation to determine the moles of the
substance of interest.

3 Calculate the mass of the substance of interest from the moles determined in Step 2
using m = n x M.

This is still making use of the techniques learned earlier but with a specific strategy for
mass—mass questions. We see this in action in Worked example 2A—4.
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VIDEO
Worked example 2A-4: Calculating the mass of a product in combustion WORKED
EXAMPLE 2A—4

If a 4.4 gram sample of propane is burned completely in oxygen, calculate the mass, in
grams, of carbon dioxide produced.

Solution

Step 1 | Write a balanced equation for C;Hg(g) + 50,(g) — 3CO,(g) + 4H,0(g)
the reaction.

Step2 | Write down the information m(CyHg) =4.4 g
you have and need about the M(C4Hg) = 44.0gmol~! M(CO,) = 44.0gmol!
substances.
n(C5Hg) = unknown
Step 3 | Determine the number of moles m(C5Hg)
of the known substance with M(C3Hg) = M(C,H)
known mass using n = % _ 449
~ 44.0 gmol!
=0.10 mol
Step 4 | Determine the stoichiometric From the equations, the number before
ratio from the equation. propane is 1 and CO, is 3.

Step 5 | Use the ratio to determine the n(CO,) = 3 x n(C5Hg)

unknown number of moles. —3%0.10 mol
= 0.30 mol
Step 6 | Calculate the unknown mass of | m(CO,) = n(CO,) x M(CO,)
the substance using m=nx M. = 0.30 x 44.0 g mol-!
=13¢g

Mass—volume stoichiometry

Mass—volume stoichiometry is similar to mass—mass stoichiometry except we are interested in Molar volume
the volume of product produced from a given mass of reactant or vice versa. To calculate this e o
correctly, we need to determine the number of moles of the substance we are given information  product is
for and then follow our ‘down, across, up’ process, as shown in Figure 2A—3 on page 45. ';°:2§tjié?]
1 Convert the given mass to moles using = mn, ?;?uqactaez be

2 Use the mole ratio in the thermochemical equation to determine the moles the quantitatively

substance of interest. Standard
. . laboratory
3 Convert the moles to volume using the molar volume equation. G iEe
refers to the
A special condition of Avogadro’s law applies when a gas is being measured at standard standard
laboratory conditions (SLC). For 1 mole of a gas at SLC, there is a known volume (as 'C%bn%'ﬁtig:]ys (SLC)
temperature and pressure are known at SLC). This means the molar volume at SLC is of 25°C and
-1 . ’ . 100 kPa, as
24.8 Lmol~'. Based on this, Avogadro’s law for measuring volume change becomes ssas el oy e
V International
n=— Union of Pure
Vm and Applied
Chemistry
where: (IUPAC)

n = The moles of the gas
V' = The volume of gas (in L)

V = The molar volume at SLC (in Lmol™).
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@ CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

This is still making use of the techniques learned earlier but with a specific strategy for
mass—volume questions. We see this in action in Worked example 2A-5.

WS’A&ES Worked example 2A-5: Calculating the mass of a product in combustion

EXAMPLE 2A-5 using the molar volume at SLC

What mass of water is produced when 20.0 mL of butane is completely combusted in
oxygen under standard laboratory conditions?

Solution

Step 1 | Write a balanced equation for 2C,H o(g) + 130,(g) — 8CO,(g) + 10H,0(1)
the reaction.
Step 2 | Write down the information UC,H,,) = 0.0200 L

you have and need about the | Molar volume at SLC (V,,) = 24.8 Lmol!

substances. n(C,H, o) = unknown
Step 3 | Determine the number of moles UC,H, o)
of the substance with known MCyH, o) = v,
v?lgjilge using the molar volume _ 0.0200 L
at ot 24.8 L mol!
=8.06 x 10 mol
Step 4 | Determine the stoichiometric From the equation, the number before
ratio from the equation. butane is 2 and the number before water
is 10.

n(C,H,p) : N(H,0) =2:10=1:5
Step 5 | Use the ratio to determine the n(H,0) =5 x n(C,H,,)

unknown number of moles of =5x8.06 x 104 mol
the substance. —4.03 x 10-3 mol
Step 6 | Calculate the unknown mass m(H,0) = n(H,0) x M(H,0)
usingm=nx M =4.03 x 103 mol x 18 g mol-1
=0.0726 g

Volume-volume stoichiometry
Volume-volume stoichiometry is similar to mass—mass stoichiometry and mass—volume
stoichiometry except we're interested in the volume of a gaseous product from a given
volume of gaseous reactant or vice versa. If the following conditions are met, we can skip
some steps in the overall process.
5A WHAT 1 The system is a closed system. A closed system is one in which energy can be transferred
gﬁgﬁ%\ﬁ between the reaction and the surroundings, but matter cannot. This is discussed further
REACTION? in Section 5A.
2 The pressure is kept constant.

3 The temperature is kept constant.

If these conditions are met, then the ratio of gas volumes is identical to the mole ratios and
the coefficients in the reaction equation also apply for volume. For example, consider the
following equation:

CH,(g) + 20,(g) — CO,(g) + 2H,O(g)

ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023
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If 100 mL of methane is combusted in a reaction container, how much CO, will be produced?

As we have a system that meets the conditions of a volume—volume stoichiometry, we can
say that ‘one volume of methane produces one volume of CO,, and therefore, 100 mL of
methane will produce 100 mL of CO,’.

VIDEO
. . WORKED
using volume—volume stoichiometry EXAMPLE 2A—6

Worked example 2A-6: Calculating the volume of a product in combustion

Methane is a common ingredient in biogas. If 4.0 L of methane is burned in excess
oxygen in a closed reactor that is kept at constant temperature, how many litres of
carbon dioxide are going to be produced?

Solution

Step 1 | Write a balanced equation for the reaction. | CH,(g) + 20,(g) — CO,(g) + 2H,0(g)

Step 2 | Check whether we have the conditions for | Yes. Pressure is constant, temperature
volume-volume stoichiometry. is constant, all species are gaseous
and the container is sealed.

Step 3 | Write the volume ratio. V(CH,) : V(CO,) =1:1

Step 4 | Use the ratio to determine the unknown V(CO,) =1x V(CH,) =1x4.0L
volume. =40L

Calculations involving limiting and excess reagents 1C EXOTHERMIC

Determining whether a reactant is limiting, or in excess, was covered in Section 1C. émBOTHERMIC

Here we’ll look at how this can apply to questions involving greenhouse gases. REACTIONS

Consider Worked example 2A-7 below. There are really two questions here:

« Which of the reagents is limiting, and therefore, which one is in excess? (This is shown
in Steps 1-4.)

o What is the mass of methane gas formed? (You need to know which is limiting to
calculate which is in excess. This is shown in Steps 5-7.)

Worked example 2A-7: Calculating the mass of a product when there is a VJSF?&’ED

limiting reactant EXAMPLE 2A-7

Determine the expected mass of methane produced in the below reaction when 25.0 g of
hydrogen gas and 100.0 g of carbon dioxide gas are mixed and reacted.

CO,(g) + 4H,(g) — CH,(g) + 2H,0(1) AH = -165.0 k] mol!
Solution

Step 1 | Write a balanced equation for | CO,(g) + 4H,(g) — CH,(g) + 2H,0(1)
the reaction.

Step 2 | Calculate the moles of both m(CO,) 100.0 g
. m n(co,) = 2=

reactants using n = i 2 M(CO,) 44.0¢g mol-!

m(H,) _ 250¢g

M(H.) ~ 2.0gmolt

= 2.27 mol

=12.5 mol

n(H,) =
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@ CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

Step 3 | Write the stoichiometric ratio Stoichiometric = 1:4

and the experimental ratio f | Fxperimental = 2.27:12.5 = 1:5.5
both reactants.

Step 4 | Write which species is in Carbon dioxide is limiting; hydrogen is
excess and which is limiting. in excess.

Step 5 | Write the stoichiometric ratio | n(CO,) : n(CH,) =1:1
for the limiting reactant and the
product in question.

Step 6 | Use the stoichiometric ratio n(CH,) = 1 x n(CO,) = 2.27 mol
to determine the unknown
number of moles.

Step 7 | Calculate the unknown mass | m(CH,) = n(CH,) x M(CH,)
using m=nx M. = 2.27 mol x 16.0 g mol-!
=363¢

WORKSHEET . .
TR Check-in questions — Set 2
CALCULATING °
GREENHOUSE 1 Explain the process for calculating energy produced from combustion of # moles of fuel,
GAS EMISSIONS . . . .
given that the heat of combustion of this fuel is / k] mol~'.
2 A car petrol tank can hold 45 L of octane at SLC. How much energy can be produced
from a full tank of fuel, assuming the fuel is 100% octane?
3 Which of the reactants in the following equations is in excess and which is limiting?
a C,Hg(g) + 50,(g) = 3CO,(g) + 4H,0(g) with 0.5 g of propane and 2.5 g of oxygen
b H,(g) + 40,(g) —» CH,(g) + 2H,0(g) with 0.2 g of oxygen and 0.4 g of hydrogen
c CH,(g) +20,(g) — CO,(g) + 2H,0(g) with 2.22 g of methane and 1.11 g of oxygen
4 An experiment on human cells looks at the metabolism of glucose in different
environments. If an experiment provides 3.2 g of glucose in a oxygen-limited
environment with 2 g of available oxygen, how much CO, is produced? Which reactants

VIDEO 2A-1 are limiting and which are in excess?
SKILLS:
IDE,\EITI\I/IFI\T(:NS CH,,0.(s) + 60,(g) = 6CO,(g) + 6H,0(g)
REAGENTS

2A SKILLS

Identifying limiting reagents

In this section, you have learned more about calculations that require you to identify the limiting reagent
in combustion reactions. As described in the text, this involves calculating the number of moles of each
reactant and applying stoichiometric ratios to determine which is in excess and which is limiting.

When the stoichiometric ratio is 1:1, this is a relatively simple process whereby the reagent with the lowest
number of moles is limiting. However, it can become trickier when other stoichiometric ratios are involved.
To help with that, there are many tips and strategies that people employ to make sure they solve the
problem correctly. It is important that you find a method that makes sense and works well for you, but we
will describe one below that you may find useful. It can be summarised as follows.

Strategy: Once you have calculated the number of moles of each reactant, divide that value by the
stoichiometric coefficient from the equation. Whichever number is lower after you do this will correspond
to the limiting reagent.
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To understand this better, let’s look at an example. In this instance, we won’t go through the process of
calculating the number of moles, we will just provide them in the question.

Question: The combustion of ethane can be represented by the following balanced equation:
2C,H(g) + 70,(g) — 4CO,(g) +6H,0(g)
If 0.5 moles of ethane reacts with 2.1 moles of oxygen, which is the limiting reagent?

Solution: Using the strategy that we have above, we can set out our calculation as follows.

C,Hg 0,

Number of moles (n) 0.5 2.1

Stoichiometric coefficient 2 7
% =025 21 g

Therefore, C,H, is the limiting reagent as it has the lowest value after dividing the number of moles by the
stoichiometric coefficient.

Go back over some practice questions that you have done involving a limiting reagent and use this method
to see if it helps.

Section 2A questions

1 Calculate the heat energy produced from each of the following combustion reactions.
a 32 gof methanol
b 126 mL of hydrogen gas
¢ apetrol composed of 91% octane and 9% butane
2 Explain the difference between mass—mass, mass—volume and volume-volume
calculations for determining the amount of products produced from reactants.
3 Water is a common by-product of combustion reactions. For a 5.8 g sample of butane,
how much water vapour will be produced at SLC?
4 When butane is burned in air, water vapour and carbon dioxide are produced. Balance
the equation and state the stoichiometric ratio for butane and water vapour.
5 Draw a diagram that shows the method for obtaining the unknown mass of a substance
from the known mass of a second substance.
6 Daryl loves barbecuing and wants to get the most value for money.
a Daryl is worried about the water by-product from his butane four-burner barbecue. If
he plans to completely burn 25 kg of butane, how much water vapour will he produce?
b Daryl has a new barbecue that uses propane, which advertises ‘less food spoilage due
to water vapour compared to butane’. If he plans to completely burn 25 kg of propane
at SLC, how much water vapour will he produce, in mL? Is this better than butane?
¢ Daryl has figured it out now and will only be using gas fuels from now on, so he
purchases a new barbecue that uses methane in the annual sale at his camping store.
If he plans to empty a 25 kg tank of methane that completely combusts (which is
advertised as 18 L of methane at SLC), how much water vapour will he produce, in mL?
d Is this the best barbecue of the three used?
7 A 62.0 g sample of propane is ignited in 100 L of oxygen. The gas volume is measured at SLC.
Calculate the volume of carbon dioxide produced, in L, if the equation for the reaction is:

C,Hg(g) + 50,(g) — 3CO,(g) + 4H,0(1)
Also note which species is in excess and which is limiting.
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Measuring energy released from
LK D | chemical reactions

Study Design: Glossary:

e the use of the specific heat capacity of water to Calorimetry
approximate the quantity of heat energy released during Line of best fit
the combustion of a known mass of fuel and food Solution calorimeter

e the principles of solution calorimetry, including Specific heat
determination of the calibration factor and consideration capacity

of the effects of heat loss; analysis of temperature—time
graphs obtained from solution calorimetry
e energy from fuels
— calculation of energy transformation efficiency
during combustion as a percentage of chemical
energy converted to useful energy

Q ENGAGE

Guinea pigs: nature’s calorimeter?

In 1789, Antione Lavoisier conducted a series of experiments
on guinea pigs. These are not the experiments for which he
was famed and which led to the discovery of the principle of
conservation of mass but, equally, they're not far off. Lavoisier
was able to measure the heat of respiration by guinea pigs
and, in doing so, also invented the world’s first calorimeter,

a device for detecting the energy change in a chemical
reaction. He did this by placing the guinea pigs in a small ice
calorimeter (a container inside another container that’s filled

Specific heat with ice) and measured how much ice was melted. He then
il :%?unt of used this to determine the amount of energy produced by Figure 2B-1 A schematic
energy rer?uired the guinea pigs and their rate of respiration. Therefore, the diagram of the calorimeter,
t t . . . i i i insi
temperature of one guinea pigs themselves were not the calorimeter, but they \l’JVslter:j abyg/ul_lg\?jispi):e% Ifgflﬁies'
ram of a substance j i ini
%y o e were useful test subjects in c'iete'rmmmg the energy produced experiments on respiration
Celsius; symbol ¢ when animals undergo respiration.
g EXPLAIN
16 EXOTHERMIC Measuring energy from fuels
ENDOTHER%/“% In Section 1C and Section 2A, we discussed the release of energy from the combustion
REACTIONS reaction of fuels using thermochemical equations. However, what hasn’t yet been discussed
94 MEASURING is how these energy values are calculated. To do this experimentally, it is useful to be able
GREEN%%EE to utilise a material known for its energy storage properties — water. Water is excellent for
measuring energy changes as it has a uniquely high specific heat capacity. We remember
UNIT 2 from Unit 2 that the specific heat capacity of a material is the energy required to raise the

temperature of one gram of a given substance by one degree Celsius.
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Table 2B-1 Specific heat capacities of some common materials

Material Specific heat (Jg1°C1)
Liquid water 4.18
Solid water (ice) 2.11
Gaseous water (steam) 2.00
Air (dry) 1.01
Basalt 0.84
Granite 0.79
[ron 0.45
Copper 0.38
Lead 0.13

As Table 2B—1 shows, liquid water stands out in its ability to store energy with little change
in temperature.

From this, we can understand that a relatively large quantity of energy is required to raise
the temperature of water, but how does that help us determine the actual quantity of energy
released from the combustion of fuels? The answer lies in the use of the following formula,
which links together energy (g) with the specific heat capacity (c):

q = mcAT
where:
q = The energy produced or used in joules
¢ = The specific heat capacity in Jg~1°C~!

m = The mass of the substance in grams
AT = The change in temperature in degrees Celsius.

VIDEO

—1: i i = WORKED
Worked example 2B-1: Calculating heat energy using g = mcAT R 051

Determine how much heat energy is required to raise the temperature of 100 grams of
water by 10 degrees Celsius.

Solution

Step 1 Write down everything you have and | m(H,0) = 100 g
need, ensuring to convert units where AT=10°C
appropriate. c(H,0) =4.18 Jg°C!
q="?
Step 2 Write down the relevant equation. g = mcAT
Step 3 Substitute and solve. g= mcAT
=100 g x 4.18 Jgt°C1 x 10°C
=4180J
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Calorimetry

an experimental
method by which
the heat energy
of food or a fuel
is measured

ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023

Calorimetry

To measure the quantity of energy released or absorbed in a chemical reaction, we use a

technique called calorimetry. The analytical equipment used to perform calorimetry is the

calorimeter. All calorimeters have the same goals in their design:

« isolate the reaction taking place

o have well insulated walls

o have a reference material to reduce the effects of imperfect isolation

o use stirrers to ensure that temperatures measured are even

o use thermometers to measure the temperature in the calorimeter

« have negligible heat capacity (or a known accurate heat capacity), so the loss of heat in
heating the calorimeter can be taken into account.

One such technique, which can be used to measure the energy contained within food or
fuel, is known as simple calorimetry. The experimental set-up for simple calorimetry is
shown in Figure 2B-2.

Thermometer

Metal can

Water

Spirit burner

Fuel

Figure 2B-2 A simple calorimetry set-up like this can be used for measuring
the quantity of energy released or absorbed in a chemical reaction.

In these experiments, the fuel or food is burned (or combusted) above a spirit burner that
is positioned beneath a container filled with water. As the fuel or food is burned, energy is
released. The energy that is released will gradually heat the water in the container. Using
the equation, g = mcAT, above, the change in temperature can be used to calculate the
quantity of energy that is released from the fuel source.

The basic experimental procedure for this follows these steps:

Accurately measure and record the mass of water added to the metal can.

Record the initial temperature of the water.

Weigh your fuel source and place into the spirit burner.

Light the spirit burner.

Using the thermometer, record the change in temperature of the water over time.

Stop heating the water before all the fuel has been used and well before the water boils.

UL E W -

To help understand how this can be used to measure energy, let’s consider Worked
example 2B-2.
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VIDEO

Worked example 2B-2: Measuring energy from the combustion of a fuel .

A 13.5 g sample of octane is burned below 50.0 g of water contained in a copper
container. The water temperature changed from 20.2°C to 22.8°C. How much energy,
in joules, was released from the octane?

Solution

Step 1 Write down everything you have and | Have:
need, ensuring to convert units where | m(H,0) = 50.0 g

appropriate. c(H,0) =4.18 Jgt°C!

AT =22.8°C-20.2°C =2.60°C
Step 2 Write down the specific heat equation | g = mcAT

and rearrange if required.
Step 3 Substitute and solve. g = mcAT

=50.0gx4.18 Jg'!°C! x 2.60°C
=543 J

Solution calorimetry

Solution calorimeters measure the enthalpies associated with reactions that occur in Solution

solution, including heat of precipitation, heat of solution and heat of neutralisation. :ﬁl?r:'s??rﬁgnt

These reactions can be endothermic or exothermic. The container is thermally insulated, used to measure
. . . the heat

preventing heat loss to the surroundings. Gas samples can be measured through solution absorbed or

calorimetry using an ampoule. Ampoules are small (typically glass) sealed containers that 'e|ehase‘,j d:”ing

a chemica
are used to preserve samples but can be broken open to release their sample safely. reaction,

dissolution or

neutralisation

occurring in a

liguid solution
Thermometer

Stirrer

ESSNI———..,

Thermally insulated cover
Thermally insulated seal

Reaction mixture

Insulated container

Figure 2B-3 A solution calorimeter, sometimes referred to as a ‘coffee cup’ calorimeter, showing the
internal structures that allow for the measurement of heat of reactions in solution
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HORKED Worked example 2B-3: Calculating the molar heat of solution using
EXAMPLE 28-3 a solution calorimeter
A student wants to determine the heat of mixing methane gas through an experiment.
They place an ampoule containing 3.00 x 10~3 moles of methane gas in a solution
calorimeter of 100 g of distilled water at 20.00°C. After breaking the ampoule and
releasing the methane, the solution reached a maximum temperature of 22.00°C.
Calculate the molar heat of solution for the dissolution CH,(g) — CH,(aq).
Solution
Step 1 Write down everything you Have:
have and need, ensuring n(CH,) = 3.00 x 10-3 mol
to convert units where M(CH,) = 16 gmol!
appropriate. AT =22 -20=2.00°C
m(water) = 100 g
c(water) = 4.18 Jgl°C1
Need to find g in kilojoules to solve for
AH(CH,).
Step 2 Write down the specific heat | g = mcAT
equation and rearrange if
required.
Step 3 Substitute and solve. g = mcAT
=100x4.18 x 2
=836J
=0.84 kJ
AH=4
n
_ 084
0.003
= 278.67 kJ mol!
T § O > . © J: 2= J
;; ° N < o i
2 ? o o 4 2 )
[*] > 3
il o> 0 OJ:
& o
WORKSHEET Energy transformation efficiency

CALCULATZISN; As the experimental set-up on page 54 suggests, the fuel in the spirit burner is undergoing

USING g = mehT combustion and the heat energy produced is being used to heat the water. However,
this process is not 100% efficient. There are several reasons that can contribute to a
reduced efficiency, such as heat being lost to the surrounding environment or incomplete
combustion. By calculating the thermal energy absorbed by the water, as described in the
examples above and on page 55, and then comparing this to the known theoretical enthalpy
of combustion of the fuel being used, it is possible to calculate the energy transformation
efficiency. This is highlighted through Worked example 2B—4.
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VIDED
Worked example 2B—4: Calculating the percentage energy transformation \I{ZV)?ARN}I(PEEEZB ,

efficiency

A 1.50 g sample of ethanol is combusted in a spirit burner, which is placed underneath
a can containing 100.0 g of water. The water changed temperature from 20.2°C to
57.4°C. What is the percentage efficiency of this process?

Solution
Step 1 | Write down all relevant m(H,0) =100.0 g

information from the question. c(H,0) =4.18 Jgi°C!

AT =57.4°C - 20.2°C =37.2°C
m(C,H,OH)=15¢

Step 2 | Calculate the energy used to g= mcAT

heat the water, using g = mcAT. | g=100.0g x 4.18 Jg'1°C1 x 37.2°C
g=15549.6 J = 15.5kJ

Step 3 | Calculate the theoretical m(C,H,OH)=15¢
maximum energy released by AH’c (C,H;OH) =29.6 kg™
the ethanol using the VCAA AH(C,H;OH) = 1.5 g x 29.6 kJ apl
Data Book. =444 kJ

Step 4 | Calculate the percentage o . _ 15.5kJ
efficiency using % efficiency = % efficiency = 444k " 100
experimental value 100 =34.9%

theoretical value

Calibrating a calorimeter
To help reduce systematic errors, calibration of the apparatus is performed before each
experiment.

This can be done by either using a known chemical reference material such as a metal or a
well-studied compound like potassium chloride, or by using an electric heating element as a
known provider of energy based on the power supply.

Chemical calibration

Chemicals with well-characterised enthalpies of dissolution are often used as reference
materials for solution calorimetry. Potassium chloride is a common reference material, as it is
solid at room temperature and has a well-characterised enthalpy of dissolution of 17.2 k] mol .

For calibration to occur, a known amount of potassium chloride is placed
in the calorimeter and dissolved. The temperature change is recorded. We
then use two equations to determine the calibration factor: ,

E=nxAH, \ o /)
Calibration factor = £ s 1)1 ; .
AT A B i < o
where: \;/

E = The energy released in kilojoules

n = The number of moles of reference material Figure 2B—4 Potassium chloride is

AH_ = The heat of combustion for the reference material a common staple of laboratories that
AT = The change in temperature recorded. conduct a lot of solution calorimetry
experiments as it is a widely available,
Calibration factor may also be written as CF. cheap and well-studied compound.
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VIDEO
WORKED
EXAMPLE 2B-5

ISBN 978-1-009-22984-5

Worked example 2B-5: Calculating the calibration factor of a solution

calorimeter by chemical calibration

A 1.00 g sample of potassium nitrate (M(KNO,) = 101.1 gmol™?) was dissolved in a
solution calorimeter containing water with an initial temperature of 20.06°C. Once
the potassium nitrate was completely dissolved, a final temperature of 18.05°C was
recorded. Potassium nitrate dissolves in water according to the following equation:

KNO,(s) = K*(aq) + NO, (aq)

AH = +34.9 k] mol!

Determine the calibration factor of the calorimeter in J°C~1.

Solution

Step 1 | Write down everything you have | Have:
and need, ensuring to convert | m(KNO,) = 1.00 g
units where appropriate. M(KNO,) = 101.1 gmol!
AH(NO,) = +34.9 k) mol?
= +34900 Jmol!
Tinitial = 20.06°C
Tina = 18.05°C
Need n to find calibration factor.
Step 2 | Write down the calibration E=nxAH
equations and rearrange, if cF=_E _nxA4H
required. AT AT
Step 3 | Substitute and solve. _m_ 200 _
n= Vo101 0.0099 mol
_ nxAH
CF= AT
_0.0099 x 34900
a 2.01
=NV 2RRE

Electrical calibration

Calorimeters can also be calibrated electrically, as the heating element that heats the
solution has a constant power supply from the socket. This means that you can link

the energy produced by the element to a change in temperature of the water within the
calorimeter. The energy produced from electricity passing through the heating element is

calculated from the following equation:

E=VxIxt

where:

E = The energy produced in joules
V = The voltage in volts

1 = The current in amperes

t = The time in seconds.

This allows us to combine equations as we did in the chemical calibration method:

E VIt

Calibration factor = —=-—

AT AT

Drummond et al
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Worked example 2B-6: Calculating the calibration factor of a solution

calorimeter by electrical calibration

A solution calorimeter was calibrated by passing a current of 2.25 A through an electric

heating element for 45.75 s. The potential difference was 5.25 V, and the temperature of
the water in the calorimeter increased from 20.25°C to 21.89°C. Using this information,
calculate the calibration factor of the calorimeter.

Solution
Step 1 Write down everything you have and Have:
need, ensuring to convert units where [=225A
appropriate. t=4575s
V=525V
Tiniia = 20.25°C

T = 21.89°C
Need to find calibration factor.

Step 2 | Write down the calibration equations E=VxIxt

and rearrange if required. CF :£: Vx Ix T
AT AT
Step 3 | Substitute and solve. CF = E_VxIxT
AT AT
_ 525 x2.25 x45.75
1.64
=330 J°c!

Check-in questions — Set 1

1. A solution calorimeter was calibrated by passing 1.50 A through the electric heater for
90 s at a potential difference of 6.50 V. The temperature of the water in the calorimeter
was initially 18.00°C and rose to 20.50°C during the calibration. Determine the
calibration factor of the calorimeter.

This method is commonly used for solution calorimeters and data can be acquired
graphically to determine AT for the experiment either by direct reading or via extrapolation
back to the point where a current was applied using a line of best fit. Both methods are
shown in Figure 2B-5 on the following page.

CTIONS @

VIDEO
WORKED
EXAMPLE 2B—6

Line of best fit
a line on a graph
that shows the
general trend of
the data points;
the distance

to the points
above the line
should equal
the distance

to the points
below the line
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A

A Instant current
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24.0
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Figure 2B-5 These graphs show the results of two experiments to determine the calibration factor by
electrical methods. The current is turned on at 60 seconds and turned off at 360 seconds. In graph A,
the change in temperature can be read accurately; however, in graph B an extrapolation back to the
point where the current was turned on is required via a line of best fit.

If you know the calibration factor for a calorimeter, the results for energy changes you
produce will be more accurate. This allows us to put together a complete procedure for
using a calorimeter and getting the best possible results with minimal experimental error.

Overall experimental process

Earlier in the chapter, we looked at calculating the energy produced from combustion reactions
using simple calorimeters and from other types of reactions using solution calorimetry.
However, as we've just seen, we also need to ensure the calorimeter is calibrated before making
the measurement. This means our overall process for performing a calorimetric measurement
to determine the enthalpy change of a reaction should be as follows:

1 Calibrate your calorimeter using the most appropriate method.
2 Perform your experiment.
3 Interpret your data.
4 Perform your calculations to determine the calibration factor, CF.
5 Use the calibration factor to determine AH.
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Worked example 2B-7: Calculating the energy released by a reaction using WSRE'K’ED
the calibration factor EXAMPLE 2B-7
A solution calorimeter containing 150.0 mL of distilled water at 25.00°C is calibrated
electrically by applying a potential difference of 4.00 V of electricity and a current of
2.00 A passed through the electric heater for 60.0 seconds, causing the temperature to
increase to 26.50°C. The distilled water was then removed and replaced with 75.0 mL
of 0.150 M hydrochloric acid and 75.0 mL of 0.100 M sodium hydroxide, which were
both at an initial temperature of 22.0°C. The temperature of the solution increased to
23.23°C. Calculate the energy released, in kJ, by the neutralisation reaction between
hydrochloric acid and sodium hydroxide.
Solution
Step 1 | Write down everything you Calibration data:
have and need, ensuring [=2.00 A
to convert units where V=4.00V
appropriate. f=600s
Tinitar = 25-00°C
Tina = 26.50°C
Neutralisation reaction data:
n(NaOH) = 0.0075 mol (limiting reagent)
Tnitia) = 22.00°C
Tina = 23.23°C
Need calibration factor to determine AH.
Step 2 | Write down the calibration E=VxIxt
equations and rearrange if CF = E
required. AT
_VxIxT
AT
E=nxAH
__E
CF= AT
_nxAT
AT
Step 3 | Calculate the calibration cF=-E
factor. AT
_VxIxT
AT
_400Vx200Ax600s
1.5°C
=320 J°C!
Step 4 | Calculate the energy released | £E=CF x AT
by the neutralisation reaction =320 J°C 1t x 1.23°C
using the calibration factor. =393.6 J
Step 5 | Calculate the molar heat of AH=E
solution. n
__3936J
0.0075 mol
=52.5 kJ mol!
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WORKSHEET
2B-2

CALIBRATING L—ij 2B SKILLS

CALORIMETERS

VIDED 2B—1 Random versus systematic errors
SKILLS: RANDOM : ¢ ¢ o .
VERSUS In the context of chemistry, particularly in an experiment such as calorimetry, two types

SYSTEMATIC of errors commonly occur: random and systematic.
ERRORS

Random errors occur unpredictably and differ in each measurement. They’re caused

by unpredictable fluctuations in the experimental process, such as variations in
temperature, slight inconsistencies in material, or even human error during observation.
In a calorimetry experiment, a random error could be the minor fluctuation in the
temperature readings of the calorimeter. While these errors can’t be completely
eliminated, they can be minimised by conducting multiple trials and calculating an
average result.

On the other hand, systematic errors are predictable and consistent in each
measurement. They’re caused by faulty equipment, incorrect calibration or bias in

the method of measurement. For instance, if the calorimeter isn’t perfectly insulated,
heat may escape or enter, leading to a consistent underestimation or overestimation of
energy changes in the system, respectively. This is a systematic error. Systematic errors
can be identified because they skew results in a particular direction and their effect
remains consistent irrespective of the number of trials. To eliminate systematic errors,
equipment should be properly calibrated, and methods should be evaluated and adjusted
if necessary.

The difference between these two types of errors can be demonstrated visually, as shown
below.

Systematic error

Actual value

Random error

Therefore, while both random and systematic errors affect the accuracy of experimental
results, they have different sources and strategies for minimisation or elimination. The
identification and understanding of these errors are key to improving the reliability and
validity of experimental outcomes.

We can also look at these through a question, in which you might be asked to identify
the type of error that has occurred.

Question: During a calorimetry experiment to determine the energy released from the
combustion of a fuel, the recorded temperature change is consistently lower than the
expected value. Is this error likely to be random or systematic? Provide some potential
sources of the error.
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2B MEASURING ENERGY RELEASED FROM CHEMICAL REACTIONS @

Answer: The consistently lower temperature change observed in the calorimetry
experiment suggests that the error is likely to be systematic rather than random.
Systematic errors are characterised by consistent deviations in the same direction and
magnitude. In this case, the lower recorded temperature change indicates a systematic bias
that may be attributed to a flaw in the experimental set-up or procedure. It is important

to carefully examine factors such as insulation, calorimeter calibration, heat loss and
combustion efficiency to identify and rectify the source of this systematic error. By
addressing the underlying issue causing the consistent deviation, scientists can improve
the accuracy and reliability of the results obtained from the calorimetry experiment.

Section 2B questions

1 In a calorimetry experiment, the combustion of a small piece of chocolate-chip cookie
released 1260 | of energy, which was used to heat a quantity of water in a can. If the
temperature of this water increased by 3.25°C, determine the mass of water in the can.
Explain the following observations in terms of specific heat capacity.
a Running water over a burn quickly helps reduce the burning feeling.
b Copper heats up much quicker than wood on a hot day.
¢ A quantity of 10 ] of heat energy causes a larger temperature shift in 1 g of water
vapour and 1 g of solid water compared with 1 g of liquid water.
Solve the following problems using the values for specific heat capacity from Table 2B—1
on page 53 where required.
a the heat energy required to increase the temperature of 2.66 g of solid water from
-6.2°Cto —-1.1°C
b the temperature change in a 3.32 g piece of copper wire that absorbs 423 ]
of energy
¢ the mass of basalt rock required to absorb 330 k] of energy while only allowing a
temperature shift from 15.16°C to 18.77°C
d the specific heat capacity of liquid benzene, if 3 g of benzene increases from 13.13°C
to 17.22°C with 1.63 kilojoules of energy
Calorimetry is the analytical technique that allows us to measure the heat released in a
chemical reaction.
a What are the two common types of calorimetry and how do they differ structurally?
b What are the key requirements for a calorimeter to work effectively?
¢ Give two experimental errors that could indicate a calorimeter is not set up properly
and the cause.
Give a possible cause for each of the following experimental observations in an
experiment using a calorimeter.
a The temperature does not change during a reaction between butane and oxygen.
b The temperature is not constant from the start to the end of the experiment.
¢ The temperature increases sharply then starts to gradually decline.
An electric heating coil was placed in a solution calorimeter containing 150 mL
of water. A current of 2.50 amps with a potential difference of 13 volts was applied
to the heating coil for a period of 90 seconds. A temperature increase of 3.4°C was
recorded.
After calibration, 10.3 g of sodium chloride was added to the calorimeter and the
temperature was observed to decrease by 0.80°C.
a Calculate the calibration factor of the calorimeter.
b Calculate the heat of solution of sodium chloride.
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Consider the following reaction involving ammonium chloride:
NH,ClI(s) - NH,Cl(aq)
When completed, a final temperature of 24.91°C is reached.
Calculate the molar heat of solution, AH, in k] mol~! if 100 mL of distilled water at
25.00°C is used in a solution calorimeter and 133.75 g of ammonium chloride is dissolved.
A student performed an experiment to determine the enthalpy change of the following
reaction:
CaO(s) + H,O(l) —» Ca(OH),(s)
The student placed 100 mL of water at an initial temperature of 25°C in a solution
calorimeter. The calorimeter was calibrated using a known amount of heat and
determined to have a calibration factor of 85 J°C~1. The student added 0.90 grams of
CaO powder to the calorimeter, causing the temperature to rise to 36.6°C. Calculate
the enthalpy change of the reaction.
A 0.10 g piece of magnesium ribbon is placed in a solution calorimeter. A quantity of
100 mL of a 0.5 M HCl solution is added with an initial temperature of 18.32°C. The
following reaction occurs:
Mg(s) + 2HCl(aq) — H,(g) + MgCl,(aq)

Once completed, the final temperature of water is 22.87°C. Calculate the enthalpy
change for the reaction. Assume that the specific heat capacity and density of the dilute
solution are the same as pure water.
A 1.57 g sample of ammonium nitrate (M(NH,NO,) = 80.04 g mol™) is dissolved in
100 mL of water in a calorimeter. The temperature of the calorimeter is observed to
increase by 15.7°C. The enthalpy of solution of ammonium nitrate is 25.7 k] mol .
a Determine the calibration factor of the calorimeter in J°C~1.
b Another student uses the calorimeter but calibrates it using potassium nitrate. They

get a calibration factor of 27.2 J°C~1. Explain a possible source of error that has led to

two different calibration factor values.
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2C MEASURING ENERGY FROM FOOD @

Measuring energy from food

i Study Design:

e energy from food:

e calculation of energy transformation efficiency during combustion as a
percentage of chemical energy converted to useful energy

e comparison and calculations of energy values of foods containing carbohydrates,
proteins and fats and oils

ENGAGE

Energy: It’s all in a label

When we think of food packaging, we usually think of brands, logos and advertisements.
However, did you know that food packaging has a major legal responsibility to provide
consumers with the information available to them around the energy provided in

a food? Not only do labels provide us with a list of ingredients, they also provide us

with the energy content information of the product. This allows us to make informed
choices about the nutritional value of food, as well as the way the energy in food is being
provided. This is because different food types provide energy differently, depending on
the make-up of proteins, fats and carbohydrates within the food.

Figure 2C-1 A medium cheeseburger meal (left) provides 3515 kJ of energy, whereas a regular
Acai bowl (right) provides 1760 kJ.

EXPLAIN

Food: a biochemical energy source

While we often think of food in terms of taste, our body views food as energy. When
digested, the main food groups are broken down into smaller molecules that can be

used directly as a source of energy or stored for later use. While we do also use food for
structural components associated with growth, repair and daily function, food still comes
down to the balance between energy taken in and energy used in the activities of daily life.

The main nutrients are carbohydrates, fats and proteins. As all of these groups are
comprised of a mixture of different substances (for example, proteins refers to a number
of different proteins, not a ‘pure’ protein), we measure energy value in food in k] g%, not

Photocopying is restricted under law and this material must not be transferred to another party.

2B MEASURING
kJ mol~! as we did with energy from reactions in the previous section. Equally, just because ENERGY
a nutrient has a certain energy content doesn’t mean that the energy can be fully extracted gﬁﬁ%&\? FROM
from that food. This is shown in Table 2C-1. REACTIONS
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Table 2C-1 The heat of combustion of

different food groups

CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

The heat of combustion assumes we are completely burning the

nutrient in an environment containing excess oxygen. The energy
value, however, can be less than expected and can be due to factors

such as the following:

Nutrient Heat of
combustion (kJ g1)
Fats and oils 37
Proteins 17
Carbohydrates 16

o Cellulose can be combusted to release energy, but the human
body can’t metabolise or digest it.

+ Nutrients move through the digestive system too fast for all of the
carbohydrates, fats and proteins to be absorbed.

These factors help us understand why sugars are excellent for quick energy, whereas
proteins are used for energy only when other sources are not readily available.

Table 2C-2 The composition of common foods

Food % Protein % Fats/Oils % Carbohydrates
Peanuts 26 49 16
Bread 9.0 4.0 49
Bananas 1.1 0.3 23
Lettuce 14 0.2 2.9
Ice cream 1.7 6.5 29

(such as water and cellulose), which have been omitted.

We also need to remember that foods
themselves are mixtures of these different
nutrients and as such offer us different energy
amounts in different ways. This is illustrated
with different examples in Table 2C-2. One
thing that you may notice about this table is
that the values don’t add up to 100%. This is
because there are other substances in the food

that don’t contribute to the energy content

We can then combine the information contained within Table 2C-1 and Table 2C-2 to
provide an estimation for the overall energy content of food. The process for doing this is
explained in Worked example 2C—-1.

VIDEO
EXAMP\CJEO%E? Worked example 2C-1: Calculating the overall energy content of food

The nutritional information on a bag of unsalted almonds states that they consist of
21.0% water, 21.0% carbohydrates, 6.0% protein and 52.0% fat. Given that water provides
no energy, determine the energy value of a 100 g bag of unsalted almonds, in k] g~'.

Solution

Step 1 Refer to tables to determine the | Fats = 37 kJ g1
available energy for the nutrients | Proteins = 17 kJ g1
in the nuts. Carbohydrates = 16 kJ g
Step 2 Convert the percentages to Fats=37klg!x520¢g
a mass assuming 100 g is = 1924 kJ
equivalent to 100% and multiply | Proteins=17kJ g1 x6.0g
by energy availability. =102 kJ
Carbohydrates = 16 kJ g1 x21.0 g
=336 kJ
Step 3 Add all available energy. Total energy = 1924 kJ + 102 kJ + 336 kJ
= 2362 kJ
Step 4 Divide by the mass of the Energy value = 2383 kJ
sample to get units of energy 100 g
value, kJ gL. =23.62kJg!
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2C MEASURING ENERGY FROM FOOD e

Check-in questions — Set 1

1 The nutritional information on a bag of plain salted chips states that they consist of
10.0% water, 11.0% carbohydrates, 2.0% protein and 77.0% fat. Given that water provides
no energy, determine the energy value of a 100 g bag of chips, in k] g~%.

Food and calorimetry
Just like fuels, the energy contained within food can be determined by calorimetry. From
these measurements we can arrive at an overall estimate for the energy content of food.

Worked example 2C-2: Calculating the energy content of a specific food

A potato chip weighing 0.150 g was partially burned under a metal can containing 150 g
of water. By the end of the experiment, the temperature of the water had increased by
22.5°C, and the remaining mass of the potato chip was 0.030 g. Calculate the energy
value of the potato chip in kJ g~!.

Solution

Step 1 | Calculate the heat transferred to the | g = mcAT

water from the burning potato chip g=150gx4.18 Jgl°C! x 22.5°C
using g = mcAT. =14107.5

Step 2 | Convert the energy into kilojoules. 14107.5J)=14.11 kJ

Step 3 | Calculate the mass of food burned. | Total mass burned = m, .., = Mq.
=0.15g-0.03 ¢
=0.12¢g

Step 4 | Calculate the energy value by 1411

dividing the energy calculated in Energy value = 0.12
step 2 by the mass from step 3. =120kJ g'!

Check-in questions — Set 2

1 A 1.340 g chocolate-chip biscuit was burned under a simple calorimeter. By the end
of the experiment, the temperature of the water had increased by 3.85°C, and the
remaining mass of the burned biscuit was considered negligible. Calculate the energy
value of the biscuit in k] g~%.
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@ CHAPTER 2 MEASURING CHANGES IN CHEMICAL REACTIONS

VIDED 262
SKILLS:
SIGNIFICANT 2C SKILLS
FIGURES
Significant figures

At the end of any calculation question in chemistry, you should check two things: units
and significant figures. It is frustrating to have done your working out correctly and
obtained the right value, only to lose marks because you haven’t included (or have used
the wrong) units or written your answer to the correct number of significant figures.

Depending on the assessment, you may lose marks every time you do this ... so these
mistakes can really add up!

In terms of significant figures, there are a few rules that you should know:

1 Any digit that isn’t a zero is significant (for example, 19.782 has five significant
figures).

2 Any zero that is found between two significant numbers is significant (for example,
19.702 has five significant figures).

3 After the decimal point, a zero that doesn’t come between two significant numbers
is only significant if it comes at the end (for example, 0.78200 has five significant
figures, whereas 0.00782 has three significant figures).

If you are multiplying or dividing, you consider all significant figures provided in the
question. For your answer, you will use the same number of significant figures as the
value in the question that contains the LEAST number of significant figures (not just
after the decimal point).

Let’s do an example.
Question: Multiply the following values: 54.7 and 0.02.

Answer: 1.094. However, our answer should use the smallest number of significant
figures in the question. Therefore, our actual answer is 1 (because 0.02 is only one
significant figure).

If you are adding or subtracting, the number of digits to the right of the decimal point in
the answer will be the same as the number of digits to the right of the decimal point in
the number with the fewest digits to the right of the decimal point.

Let’s look at the question above, but instead of multiplying the values, we will add them.
Question: Add the following values: 54.7 and 0.02.

Answer: 54.72. However, our answer should only include one digit to the right of the
decimal point, as this is the fewest provided in the question. Therefore, our actual
answer is 54.7.

Section 2C questions

1 Use the heat of combustion values from Table 2C-1, where applicable, to calculate:
a the total energy in 14 g of protein bar.
b the available energy in a 150 g piece of celery if it is 62% water, 18% glucose and
20% fibre.
c the energy stored in a 3 kg calf muscle, assuming muscles are 87% protein and 13% fat.
d the difference in total energy between a dried apple and a fresh apple of the same
variety, assuming apples are predominantly carbohydrates and fibre.

ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023
Photocopying is restricted under law and this material must not be transferred to another party.



2C MEASURING ENERGY FROM FOOD @

2 The nutritional information from a packet of food is shown below. Use this information
and Table 2C-1 to answer the following questions.

Nutrition Facts

8 servings per container

Serving size 2/3 cup (559)
|
Amount per serving

Kilojoules 962

% Daily Value*
Total Fat 8g 10%
Saturated Fat 1g 5%
Trans Fat Og
Cholesterol Omg 0%
Sodium 160mg 7%
Total Carbohydrate 37g 13%
Dietary Fibre 4g 14%

Total Sugars 12g
Includes 10g Added Sugars 20%

Protein 3g

|
Vitamin D 2mcg 10%
Calcium 260mg 20%
Iron 8mg 45%
Potassium 235mg 6%

* The % Daily Value (DV) tells you how much a nutrient in
a serving of food contributes to a daily diet. 2,000 calories
a day is used for general nutrition advice.

How much energy is provided by protein in one serve of this food?

For one serve of this food, how much energy from carbohydrates is available energy?
For one serve of this food, how much energy is available from fats?

How much total energy can be released from the food under combustion for the
entire packet of food?

o 0 T w
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Chapter 2 review

Summary
Create your own set of summary notes for this chapter, on paper or in a digital document. A model
summary is provided in the Teacher Resources and can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to: Linked questions

2A.1 Recall principles of stoichiometry in balancing equations 10

2A.2 Determine the heat produced from combustion reactions using 2], 1303
the equation E = AH x n

2A.3  Use stoichiometry to calculate reactant and product amounts, 30, 1300
and net volume or mass of major greenhouse gases

2A.4 Perform calculations involving excess and limiting reagents in 130
combustion reactions

2B.1 Define ‘specific heat capacity’ and its units 50

2B.2 Recall the properties of water that lead to its use in specific heat 4]
experiments

2B.3 Perform calculations using the equation g = mcAT 70d, 1300

2B.4 State the principles of solution calorimetry 6, 100, 1103

2B.5 Analyse graphical data to determine the calibration factor of a 1400
calorimeter

2B.6 Use experimental data to calculate the calibration factor of a 1207, 130
calorimeter and energy produced from chemical reactions

2B.7 Calculate energy transformation efficiency from given 130
experimental data

2C.1 Use reference tables for heats of combustion of different food s[]
groups

2C.2 Determine the energy content of a food based on food group o]
composition

2C.3 Calculate the energy content of a food using calorimetry 130

Multiple-choice questions

1 Which of the following equations is correctly balanced?
A C,H,(g) +6.50,(g) — 4CO,(g) + 5H,0(g)
B 2C,H,,(g) + 130,(g) — 8CO,(g) + 10H,O(g)
C 3C,H,,(g) + 19.50,(g) — 12CO,(g) + 15H,0(g)

D 4C,H,,(g) + 260,(g) — 16CO,(g) + 20H,O(g)
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2 For the combustion of 44 g of propane, which of the following gives the correct amount of heat
energy produced?

C,H,(g) + 50,(g) — 3CO,(g) + 4H,0(1) AH = 2220 kJ mol™!
-2220 kJ
+2220 kJ
-50.45 kJ
+50.45 kJ

OO0 W >

3 Which of the following is not required to solve for the amount of a greenhouse gas produced in
a combustion reaction?

A stoichiometric ratio
B the amount of reactant
C the presence or absence of a catalyst
D the amount of product
4 Which material would have the highest specific heat capacity at SLC?
A methane
B ethanol
C aluminium
D water
5 Which of the following gives the correct units for the specific heat capacity of a material?
A kJmol!
B J°Cmol!
C Jg'mol!
D jgc
6 Which of the following is common to a solution calorimeter?
A stirrer and pH meter
B bomb chamber and stirrer
C thermometer and stirrer
D thermometer and pH meter

7 A burning candle was used to heat water in a can. The equation g = mcAT was used to
determine the amount of heat released by the combustion of the candle. Which of the
following is incorrect?

A The value of c in the specific heat equation depends on the material being heated.
B The value of m in the specific heat equation is based on the mass of the material reacting.
C The change in temperature refers to the temperature change in the water.
D The units for g are joules.
8 Which of the following nutrients produces the most energy when completely combusted?
A 12 gof protein
B 9 g of carbohydrates
C 1lgoffat
D 6 goffatand 8 g of protein
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9 The label on a 100 g can of baked beans says it consists of 28% carbohydrates, 41% protein and
8% fat, with the remaining mass being water. What is the energy value of the baked beans?

A 19kjgt
B 83Kkjg!
C 14kg!
D 21kjg™!
10 Which of the following is not a type of calibration method for calorimeters?
A electrical
B reference material
C benzoic acid

D pure oxygen

Short-answer questions

11 Draw and label a solution calorimeter. (5 marks)
12 List the steps in calibrating a calorimeter using a single approach. (5 marks)

13 A student performed a calorimetry experiment to determine the heat of combustion
of propan-2-ol, according to the following procedure.

1 Add 500 mL of cold water to a beaker. Record the initial temperature.

2 Fill a spirit burner with propan-2-ol. Record the mass of the spirit burner.

3 Ignite the spirit burner and place directly below the beaker. Stir the water gently while
monitoring the temperature.

4 When the temperature has risen by approximately 10°C, extinguish the flame.
5 Record the final mass of the spirit burner.
The student recorded the following data.

Initial temperature of water (°C) 15.1
Final temperature of water (°C) 25.3
Initial mass of spirit burner (g) 124.5
Final mass of spirit burner (g) 125.8

a Calculate the heat of combustion of propan-2-ol. (2 marks)
b Given the theoretical molar heat of combustion for propan-2-ol is 2017.7 k] mol~1,

calculate the percentage energy efficiency. (3 marks)
¢ Suggest a possible explanation for why the heat of combustion determined by

the student is significantly lower than the reported value. (1 mark)
d Suggest one improvement to the experimental set-up that could be made to

improve accuracy. (1 mark)
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14 The table and graph below show data from the manual calibration of a calorimeter.

Volume of water in calorimeter 150 g
Current (/) 3.00 A
Time (s) 20s
Voltage (V) 25V
Initial temperature 22.2°C
Final temperature 65.1°C
;8 Heater turned off
65 \g\
60 /
55 \oﬁi
S 50 /
< AT [
o 45 /
: /
& 35
2 30 [
S 25 /
20 o—o—o—o—¢ Heater t d
15 eater turned on
10
5
O 1 1 1 1 1 1 1 1 1 1 1 1
O 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (s)
a Calculate the calibration factor for this calorimeter. (3 marks)

b Comment on how the shape of the temperature—time graph would change if the
lid was leaking, the heating element was faulty or the surrounding water had
contaminants. (3 marks)
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CHAPTER

3 GALVANIC CELLS

Introduction

Society is becoming more and more reliant on portable electrical energy. INTRODUCTION
Mobile phones, cameras, drones, remote controls, calculators, car batteries ‘GI:\DLI\E/?\MC CELLS ‘
and laptops are just a few examples where the convenience of this energy being
available anywhere and any time is evident. Galvanic cells are used commonly

as a means of storing and providing electrical energy. In this chapter, you will uncover
the chemistry behind the production of electrical energy by galvanic cells. You will
revisit redox reactions that produce electrical energy, learn about the features of
galvanic cells and use the electrochemical series to predict reactions and calculate the 4
potential voltage that can be generated by specific galvanic cells.

Curriculum -
Area of Study 1 Outcome 1
Primary galvanic cells and fuel cells as sources of energy " -
Study Design: Learning intentions — at the end of the chapter | will be able to:
e Redox reactions 3A Reduction and oxidation
as simultaneous 3A.1 Define ‘redox’ in terms of reduction, oxidation and
oxidation and electron transfer
reduction processes, 3A.2 Explain what a redox reaction involves
and the use of 3A.3 Define and identify ‘reducing agent’ and ‘oxidising agent’ |
oxidation numbers to 3A.4 Assign oxidation numbers to elements in compounds and \
identify the reducing ions in chemical equations and use these numbers to —
agent, oxidising identify reactions as redox V—_
agent and conjugate 3A.5 Use oxidation numbers to identify conjugate redox pairs ‘
redox pairs ‘
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Study Design:

The writing of
balanced half-
equations (including
states) for oxidation
and reduction
reactions, and the
overall redox cell
reaction in both acidic
and basic conditions

The common design
features and general
operating principles
of non-rechargeable
(primary) galvanic
cells converting
chemical energy into
electrical energy,
including electrode
polarities and the role
of the electrodes (inert
and reactive) and
electrolyte solutions
(details of specific
cells not required)

The use and
limitations of the
electrochemical
series in designing
galvanic cells and as
a tool for predicting
the products of

redox reactions, for
deducing overall
equations from redox
half-equations and for
determining maximum
cell voltage under
standard conditions

Learning intentions — at the end of the chapter | will be able to:

3B
3B.1

3B.2

3B.3

3B.4

3C
3C.1

3C.2
3C.3
3C.4
3C.5
3C.6

3C.7

3C.8

3D
3D.1

3D.2

3D.3

3D.4

3D.5

VCE Chemistry Study Design extracts © VCAA; reproduced by permission.
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Writing redox equations

Write and balance simple and complex half-equations for
oxidation and reduction reactions

Write and balance overall redox equations, including states,
in acidic conditions

Write and balance overall redox equations, including states,
in basic conditions

Write and balance half-equations by identifying redox
couples in overall equations

Features of galvanic cells

Recall and explain the importance of the key design features
of galvanic cells

Identify, name, draw and label features of galvanic cells
Identify the chemical processes involved in primary galvanic
cells, including the type of redox reaction occurring at

each electrode

Identify the direction of electron flow and ion flow in
galvanic cells

Write the half-equation for the reaction occurring at each
electrode in a galvanic cell

Write the overall equation for a galvanic cell

Describe the importance of separating two half-cells to
facilitate the transformation of chemical energy to electrical
energy in a galvanic cell

Explain the role of inert and reactive electrodes and
electrolyte solutions in the reactions taking place in a
galvanic cell

Using the electrochemical series

Apply information presented in the elcetrochemical series
to questions

Predict whether certain combinations of reactants will
produce electrical energy in a galvanic cell

Compare the relative strengths of reducing agents and
oxidising agents

Predict the products, and therefore the overall equation, of a
redox reaction in a galvanic cell

Use the electrochemical series to calculate the maximum
cell voltage generated under standard laboratory conditions
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t Glossary

Anode

Cathode

Chemical energy
Complex half-equation
Conjugate redox pair
Electrical energy
Electrochemical cell
Electrochemical series
Electrode

‘ Electrode polarity
Electrolyte

Electron transfer

Photoco trlcte

Galvanic cell
Half-cell
Half-equation
Inert

Ion

Oxidation
Oxidation number
Oxidising agent
Potential difference

Primary cell
Redox couple
Redox reaction

Reducing agent

Reduction

Salt bridge

Simple half-equation
Species

Spontaneous reaction
Standard cell potential
Standard electrode potential
Standard hydrogen electrode
Voltage

Voltmeter
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CONCEPT MAP e

Concept map

3A Reduction and oxidation
Reactions that involve the loss
and gain of electrons

o
)
/

3B Writing redox equations
Writing and balancing redox
reactions in acidic and basic

Oxidation is Loss

Reduction is Gain

3D Using the electrochemical series
Predictions of the redox reactions
that will occur and the voltage they

conditions will produce
Oxidising is reduced
\ agent
3C Features of galvanic cells reacts with

Using spontaneous redox reactions
to convert chemical energy into
electrical energy

Electrochemical cell (Galvanic cell) is oxidised Reducing

@ agent

—e \\_// —€

Anode ) Cathode
7n(s) Salt bridge Cu(s)
\ O \ ¢
5 S
ks 2
> j0)
S @
7n2+ Cu?+
L w ) L J
Zn(s) > Zn2+(aq) + 2e~ Cu?*(aq) + 2e~ — Cu(s)

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Study Design: Glossary:

e Redox reactions as simultaneous Electron transfer Redox couple
oxidation and reduction Half-equation Redox reaction
processes, and the use of Oxidation Reducing agent
oxidation numbers to identify the Oxidation number Reduction
reducing agent, oxidising agent Oxidising agent Species

and conjugate redox pairs

ﬁ ENGAGE

What is oxidation?

You have likely heard of reduction and oxidation from your study of chemistry.
However, where did these terms come from, and when and how were redox reactions
first discovered?

The terms ‘reduction’ and ‘oxidation’ stem from the historical exploration of
combustion, which was the first type of oxidation studied. In 1775, English scientist,
Joseph Priestley, who had discovered oxygen about a year earlier, met with French
chemist, Antoine Lavoisier, who went on to revolutionise the field of chemistry by
investigating the role of oxygen in combustion reactions. Lavoisier’s work helped to
later establish that combustion reactions involved materials combining with oxygen,
and these reactions were classified as oxidation reactions. Alternatively, those reactions
where oxygen was produced were classified as reduction reactions.

Often, when oxygen is involved in a reaction, it will be acting as an oxidising agent.
However, this is not always the case; but when redox reactions were first discovered by
Priestley and Lavoisier, they believed that oxygen was always involved, which is another
reason why the term ‘oxidation” was adopted.

Figure 3A-1 French chemist Antoine Lavoisier revolutionised the field of
chemistry with his discovery of the role oxygen plays in combustion reactions.
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EXPLAIN

Most of the material in the following two sections is also covered in Units 1 and 2. However,
it is also assessable in Units 3 and 4, hence its inclusion. Where possible, questions and
examples have been altered. However, please note that in Section 3B, new material has
been added in order to cover redox reactions under basic conditions. This was not required
learning for the Units 1 and 2 course and is potentially examinable content.

What is redox?

The word redox is a combined abbreviation for reduction and oxidation, which are two
different processes that occur simultaneously during a redox reaction. A redox reaction
involves an electron transfer from one chemical species to another.

Therefore, reduction can be defined as the gain of electrons and oxidation as the loss of
electrons. A nice way to remember this is using the mnemonic OILRIG — Oxidation Is Loss
(of electrons), Reduction Is Gain (of electrons).

Oxidation is Loss

OIL

Reduction is Gain

NOTE

There is also a ‘rule of thumb’, most often used by organic chemists, which identifies a species in
a reaction as being oxidised due to a gain of oxygen or loss of hydrogen, or being reduced due to
a loss of oxygen or gain of hydrogen. Note, however, that redox reactions do not always involve
hydrogen or oxygen.

The reaction between solid magnesium ribbon and oxygen gas, if performed at high
temperatures, produces solid magnesium oxide. The redox equation for this reaction can
be written as

2Mg(s) + O,(g) — 2Mg**(s) + 20?~(s)

Reducing agents and oxidising agents

You should recall that ionic compounds are formed when there is a large difference in the
electronegativities of the bonding atoms. This commonly occurs between a non-metal
and a group 1 metal, a group 2 metal or a transition metal with a low oxidation number.

In a similar way, the redox reaction between magnesium and oxygen involves a transfer
of electrons from the magnesium atoms to the oxygen atoms. Given that oxidation is

the loss of electrons, in this reaction magnesium has undergone oxidation; it has been
oxidised. Similarly, the oxygen has undergone reduction; it has been reduced, since it is
the molecule that gained the electrons.

Drummond et al

UNITS 1 &2
3B WRITING
REDOX

EQUATIONS

Redox reaction
a reaction
involving a
transfer of
electrons. Both
reduction and
oxidation occur
simultaneously

Electron transfer
the exchange of
electrons that
occurs during a
redox reaction.
Electrons are
transferred from
the reducing
agent to the
oxidising agent

Species

any reactant
or product in
a chemical
reaction

Reduction
a gain of
electrons

Oxidation
a loss of
electrons

Oxidation
number

a measure of
the degree of
oxidation of

an atom in a
substance;
defined as the
charge an atom
might have
when electrons
are counted to
help identify
redox reactions,
oxidising agents
and reducing
agents
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Oxidising agent
the reactant in
a redox reaction
that causes
oxidation. It is
itself reduced
and therefore
will gain
electrons — its
oxidation number
will decrease

Reducing agent
the reactant in
a redox reaction
that causes
reduction. It is
itself oxidised
and therefore
will lose
electrons — its
oxidation number
will increase

VIDEO 3A-1
USING
OXIDATION
NUMBERS

ISBN 978-1-009-22984-5

It is also useful to identify the reducing agent and the oxidising agent in a reaction. The
species that causes oxidation of the other reactant (species) is termed the oxidising agent.
The species that causes reduction to occur to the other species is termed the reducing agent.

In the example on the previous page, magnesium causes the reduction of oxygen gas and
at the same time undergoes oxidation itself, losing electrons. Thus, magnesium can be
identified as the reducing agent in this reaction. Similarly, oxygen causes the oxidation
of magnesium and at the same time undergoes reduction itself, gaining electrons. Thus,
oxygen can be identified as the oxidising agent in this reaction.

electron transfer

2Mg(s) + 0,8 — 2Mg?*(s) + 202(s)

Reducing agent  Oxidising agent
(undergoes oxidation)  (undergoes reduction)

NOTE

It is helpful to remember that the species that undergoes reduction will be the oxidising agent,
and the species that undergoes oxidation will be the reducing agent.

Check-in questions — Set 1

1 Define the following terms.
a reduction
b oxidation
¢ redox reaction

2 Describe what happens to the oxidising agent during a redox reaction.

Oxidation numbers

It is not always easy to identify whether electrons are being transferred or not in a chemical
reaction, nor is it obvious which species is gaining or losing them. To help identify whether
a species is gaining or losing electrons and consequently whether it is undergoing reduction
or oxidation, we can use oxidation numbers.

Writing oxidation numbers

While not official IUPAC convention, oxidation numbers are easily represented when
written directly above the element as —1, 0, +1, +2 and so on. It is important to distinguish
between this format and that of an ion. For example, the magnesium ion, Mg?*, has an ionic
charge of 2+, but its oxidation number is written as +2, usually like this:

+2 <«—  Oxidation number

Mg2+

Assigning oxidation numbers

You can work out the oxidation number of an unknown element by applying several rules
to identify the oxidation numbers in other elements present in a species. Although many
elements will often have the same oxidation number, some elements can have multiple
oxidation numbers. One example of this is nitrogen, which can have oxidation numbers
ranging from -3 to +5!

The rules to follow when assigning oxidation numbers, as well as exceptions to some rules
that are particularly important to remember, are summarised in Table 3A-1.

Drummond et al
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Table 3A-1 Oxidation numbers rules and examples

Category

Free elements
Oxidation number = O (zero)

Rule

A free element is any element that
exists on its own and that is not a
charged ion. It may be monoatomic
or polyatomic but must contain only
one type of element.

Example(s)

Solid iron metal, Fe(s)
Hydrogen gas, H,(g)
Oxygen gas, 0,(g)
Sulfur, Sg(s)

Carbon, C(s)

Hydrogen

Typical oxidation
number = +1

Alternative oxidation

The alternative oxidation number
only occurs when hydrogen is

part of a metal hydride. This is
because metal hydrides are ionic
compounds, and as such, the metal
ion will have an oxidation number

Methane, CH,
In this neutral molecule, hydrogen will
have its typical oxidation number of +1.

Exception: Sodium hydride, NaH.
In this case, the sodium ion will have an

Typical oxidation
number = -2

Alternative oxidation

oxidation number of -2 when it is
not a free element. The alternative
oxidation number occurs only when
oxygen is part of a peroxide, such as
hydrogen peroxide, H,0,.

number = -1 equal to its charge. To achieve an oxidation number of +1, and the hydrogen
overall neutral charge for metal will have an oxidation number of —1.
hydrides, hydrogen must have an
oxidation number of —1.

Oxygen Oxygen will typically have an Carbon dioxide, CO,

In this neutral molecule, oxygen will have
an oxidation number of 2.

Exception: Hydrogen peroxide, H,0,,.
In this molecule, hydrogen will have an

Oxidation number = ionic
charge

equal to their ionic charge.

number = -1 oxidation number of +1, and oxygen will
have an oxidation number of —1.
Pure ions Pure ions have an oxidation number | Aluminium ions, AI3*

These ions will have an ionic charge of 3+
and an oxidation number of +3.

Neutral compounds
The sum of the oxidation
numbers will be O (zero).

Neutral compounds, as well as
having an overall neutral charge,
will also be neutral in their overall
oxidation number total.

Water, H,0

In the neutral molecule of water, hydrogen
has an oxidation number of +1 and oxygen
has an oxidation number of —=2. There are
two hydrogen atoms, so overall:
@2x+1)+(=2)=0.

Polyatomic ions

The sum of the oxidation
numbers = charge on
the ion

Polyatomic ions have an overall
oxidation number equal to the
charge on the polyatomic ion.

Sulfate ions, SO,

These polyatomic ions have an overall
ionic charge of 2—. Oxygen has an
oxidation number of -2, and there are four
atoms of oxygen, so 4 x —2 = -8. Sulfur
must have an oxidation number of +6, to
match the overall charge on the ion.

-8 + (+6) = 2.

NOTE

The most electronegative element in a compound must be assigned a negative oxidation number.
Therefore, fluorine, being the most electronegative element, will always have an oxidation
number of —1. There are no exceptions to this scenario. More generally, group 17 halogens usually
have an oxidation number of -1, but not always. Chlorine, in some cases, can have a positive
oxidation number. An example of this is chlorine dioxide, ClO,, where chlorine has an oxidation
number of +4 because oxygen is more electronegative than chlorine and hence is assigned the

oxidation number of -2.
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VIDEO .. L
WORKED Worked example 3A-1: Assigning oxidation numbers
EXAMPLE 3A-1

Determine the oxidation number for each of the elements in the permanganate ion,

MnO, .

Solution

Step 1 | Oxygen has an oxidation number of =2 (unless in | O = -2
a peroxide, which the permanganate ion is not). Four oxygen atoms
Then determine the total number of oxygen atoms. |4 x -2 = -8
Step 2 | Need to recognise that this is a polyatomic ion, so | Charge on permanganate
the sum of the oxidation numbers must add up to |ion = 1-, so sum of oxidation
the corresponding charge on the ion. numbers must equal —1.
Step 3 | Determine the oxidation number of the unknown There is one Mn atom.
atom, taking into consideration the number of these. | Use algebra and assign Mn
as ‘x.
X+ (8)=-1
x=-1-(-8)
X=+7/
Step 4 | Write down the oxidation numbers of all elements. | Mn = +7
0=-2
+7 2
MnO,

Check-in questions — Set 2

1 Assign oxidation numbers to each element in the species below.

a Na b NaCl
c SO, d COBZ‘
e NaBrO,
2 Determine the oxidation number for sulfur, S, in each of the following compounds.
a S, b SO,*
c SO, d H,S
e S* f SO,

Using oxidation numbers

Identifying reducing agents and oxidising agents

A change in oxidation number of an element can be used to identify reducing agents and
oxidising agents. If the oxidation number increases for an element during a reaction, it
indicates that it has undergone oxidation, losing electrons (hence becoming ‘more positive’)
and is therefore called the reducing agent. Similarly, if the oxidation number decreases for
an element during a reaction, it indicates that it has undergone reduction, gaining electrons
(hence becoming ‘less positive’) and is therefore identified as the oxidising agent.

+2 0
Fe?*(aq) + 2e” — Fe(s)

In the equation shown above, Fe?*(aq) ions are reduced because the oxidation number of
iron decreases from +2 to 0. Fe(s) has gained electrons.
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In half-equations such as this, an alternative way to determine whether reduction or Half-equation
oxidation is taking place is to identify on which side of the equation the electrons are Eitjheft,the

R reduction or
present. If electrons are on the left-hand side, as shown in Figure 3A-2, then it is a oxidation part of

reduction half-equation. If electrons are on the right-hand side, then it is an oxidation
half-equation.

Cu(aq) + —> Cu(s) Reduction  Zn(s) — Zn?(aq) + (2&) Oxidation

electrons gained electrons lost

Figure 3A-2 Reduction and oxidation half-equations showing location of electrons

This is useful when dealing with half-equations where electrons are shown. However, for
L_

more complex redox reactions, oxidation numbers are necessary, as shown in Worked
example 3A-2.

Worked example 3A-2: Identifying reducing and oxidising agents

Determine the reducing agent and oxidising agent in the reaction between lead ions,
Pb?*, and zinc metal, Zn, that produces lead metal, Pb, and zinc ions, Zn?*.

Solution
Step 1 | Write out the full balanced Pb2*(aq) + Zn(s) — Pb(s) + Zn*(aq)
equation, including states.
Step 2 | Assign oxidation numbers +2 0 0 +2
to each species present in Pb%*(aq) + Zn(s) — Pb(s) + Zn?*+(aq)
the equation.
Step 3 | Answer the question Pb2*(aq) ions have been reduced since the
by using the change in oxidation number decreases from +2 to O.
oxidation numbers of the Zn(s) has been oxidised to Zn?*(aq) ions because
atoms/ions. its oxidation number has increased from O to +2.
Zn(s) can be identified as the reducing agent, and
Pb?*(aq) ions are therefore the oxidising agent.

Important considerations when using oxidation numbers

In many redox reactions, the same elements are often involved as reactants and as
products. It is particularly important to note the difference in states and charges when
you are describing changes in a redox reaction or when you are asked to identify reducing
agents or oxidising agents. For example, copper ions, Cu?*(aq), are a different chemical
species compared to copper solid, Cu(s).

In addition, where the element whose oxidation number changes during a redox reaction
belongs to a polyatomic species, you should include the entire reactant compound that
contains the element when naming the reducing agent or oxidising agent. Consider
Worked example 3A-3 on the following page, where oxidation numbers are shown.

NOTE

Recall from Units 1 & 2 that roman numerals are used for oxidation numbers.

a redox reaction

WORKSHEET
3A-1 OXIDATION
NUMBERS

VIDEO
WORKED
EXAMPLE 3A-2
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wgriﬁgg Worked example 3A-3: Identifying reducing and oxidising agents

EXAMPLE 3A-3

Determine the reducing agent and oxidising agent in the reaction between iron(III)
oxide and carbon monoxide.

Solution
Step 1 | Write out the full Fe,04(s) + 3CO(g) — 2Fe(s) + 3CO,(g)

balanced equation,
including states.

Step 2 | Assign oxidation reduction oxidation
numbers to each 35 5 o >
Species present in the Fe,0,(s) + 3CO(g) — 2Fe(s) + 3CO,(g)
equation.
Step 3 | Answer the question | Iron, Fe, shows an oxidation number change from +3 to
by using the change | 0, meaning that it has been reduced (gained electrons).
in oxidation numbers | However, if you were stating the oxidising agent, you

of the atoms/ions. would state iron oxide, Fe,05(s), as this is the chemical
species causing the oxidation of the carbon monoxide.
Similarly, the reducing agent for this reaction would be
identified as carbon monoxide, CO(g), even though only
the carbon undergoes an oxidation number increase
(due to oxidation, loss of electrons).

Identifying redox couples

Redox couple During a redox reaction, the species acting as a reducing agent on the reactant side donates
X u

a reducing (loses) electrons and in doing so forms a product that is an oxidising agent. At the same
3§igié2’h'°h time, the reactant acting as the oxidising agent is converted into a product that is a reducing
electrons, and agent. The association of each reactant and the product it forms during a redox reaction is

its corresponding
oxidising agent,
which accepts
electrons

referred to as a redox couple.

For example, when copper metal undergoes oxidation, losing electrons, the copper ions
produced could act as an oxidising agent, gaining electrons.

Redox couple
1 1
Cu(s) = Cu?*(aq) +2e”
Reducing agent Oxidising agent

In a similar way, when zinc ions undergo reduction to zinc solid, the zinc solid could then
act as a reducing agent.

Redox couple
1 1
Zn**(aq) +2e” = Zn(s)
Oxidising agent Reducing agent

NOTE

The complete electrochemical series can be found in the Units 3 & 4 VCE Chemistry Exam Data
Book, as well as in the appendix on page 542 of this textbook, and shows an extensive list of these
redox couples, arranged in order of increasing strength of the reducing agent.
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Your ability to identify redox couples will be equally important in the next section of this
chapter when you explore how to write half-equations from full redox equations. In most
cases, you will be required to identify redox couples in full redox reactions rather than in
half-equations. Each redox reaction will therefore have two redox couples.

To identify a redox couple, the following are required:

1 There must be one species on the reactant side and one species on the product side of
the equation containing the same element.

2 There must be a change in oxidation number.

Figure 3A-3 shows that copper has an oxidation number of +2 in copper oxide, CuO, on
the reactant side, which decreases to 0 in copper (solid) on the product side. This is the
first redox couple. In a similar way, the hydrogen gas and water can be identified as the
second redox couple, where hydrogen shows an increase in oxidation number from

0to +1.

Redox couple

Redox couple \
+2 -2 0 0 +1 -2
CuO(s) + Hj(g — Cu(s) + HyO(I)
Oxidising| |Reducing Reducing | | Oxidising
agent agent agent agent

Figure 3A-3 Each redox reaction has two redox couples.

NOTE

You may have noticed that Figure 3A-3 also includes an element that does not change oxidation
number. In this case, it is oxygen. If an element does not have a change in oxidation number
during a redox reaction, it means that element is not undergoing reduction or oxidation.

Check-in questions — Set 3

1 State whether the following reactions are redox or not and explain why.
a Mn(s) + Cu**(aq) = Mn?*(aq) + Cu(s)
b Na,CO,(aq) + 2HCl(aq) = CO,(g) + H,O(l) + 2NaCl(aq)

2 Identify whether the following are reduction or oxidation reactions.

a K(s) —» K*(aq) + e~ b 2Br~(aq) - Br,(l) + 2e~
3 Assign oxidation numbers to each element in the following reactions.
a Na,CO; — Na,O + CO, b C.H,,0,+ 60, - 6CO, + 6H,O

4 For each reaction in Question 3, state whether carbon has been reduced or oxidised.
For each reaction in Question 3, identify which species is the reducing agent and which
species is the oxidising agent.

y ~AW
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VIDEO 3A-2

SKILLS:
IMPORTANCE 3A SKILLS
OF OXIDATION

NUMBERS Importance of oxidation numbers

In this section, you have seen the value of being able to assign and use oxidation
numbers. The following important steps help you to do this.

Identify reactions as redox reactions (or not).

Identify reduction.

Identify oxidation.

Identify reducing agents.

Identify oxidising agents.

Identify redox couples.

Identify the movement of electrons.

NGk W N =

Concept-mapping from key glossary terms

This section has explored much of the underlying chemistry and key definitions for redox
reactions, including how to identify reduction, oxidation, reducing agents, oxidising
agents, redox couples and ways of assigning and using oxidation numbers. Table 3A-2
and Figure 3A—4 summarise the key concepts covered but also highlight how the
language you need to know and understand has a lot of similarities. This can sometimes
cause confusion initially, so it is important to use the glossary terms throughout this
chapter to help you solidify your understanding of the language used. A useful activity to
consolidate your ability to correctly use these terms is to create your own concept map
showing connections between the terms. You could also annotate the concept map at
the beginning of the chapter to further consolidate the connections between the related
terminology used.

Table 3A-2 Comparing oxidation and reduction
Loss of electrons Gain of electrons

Electrons on right-hand side of half-equations | Electrons on left-hand side of half-equations
Oxidation number increases Oxidation number decreases

Caused by oxidising agent Caused by reducing agent

Reducing agent undergoes oxidation Oxidising agent undergoes reduction

“aﬂsfer 011 e’ec[-rons
e

Reducing agent Oxidising agent

— Loses electrons — Gains electrons

— Reduces the oxidising agent — Oxidises the reducing agent
— Undergoes oxidation — Undergoes reduction

— Oxidation number increases — Oxidation number decreases

Figure 3A-4 Summary of key terms and concepts for reducing agents

and oxidising agents
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Section 3A questions

1 Use these terms to correctly complete the sentences below.
decreases gain loss oxidised

electrons increases oxidation reduced

Redox reactions involve a transfer of . During a redox reaction, both
reduction and occur simultaneously. Oxidationisthe _____ of electrons
and reduction is the _____ of electrons. Oxidation numbers can be used to identify
the reducing agent and oxidising agent. During a redox reaction, the oxidising agent

is , and its oxidation number . At the same time, the reducing

agent is , and its oxidation number
Write a definition for oxidation in terms of oxidation numbers.
3 Use oxidation numbers to identify which of the following reactions is not a redox reaction.
a Ag(s) + H,S(g) — Ag,S(s) + H,(g)
b HCl(aq) + KOH(aq) — H,O(l) + KCl(aq)
¢ Zn(s) + O,(g) = Zn,0,(s)
d 2Ag*(aq) + Sn(s) — Sn%*(aq) + Ag(s)
4 C(lassify each half-equation as reduction or oxidation.
a Sn*(aq) + 2e~ — Sn?*(aq)
b 2Cl (aq) — Cl,(g) + 2e~
¢ Fe?*(aq) + e~ — Fe*(aq)
5 For each of the reactions below, explain how you would determine oxidation numbers to
help you identify the reducing agent and the oxidising agent.
a Ni**(aq) + Zn(s) — Zn**(aq) + Ni(s)
b Zn(s) + Cl,(g) — ZnCl,(s)
6 Consider the reaction:

N

ZnO(s) + H,(g) — Zn(s) + H,O(l)
a Identify the two redox couples.
b State which species is being reduced and which is being oxidised.

& Assessment 2023
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Writing redox equations

Study Design: Glossary:
e The writing of balanced half-equations (including states) ~ Complex half-equation
for oxidation and reduction reactions, and the overall Simple half-equation

redox cell reaction in both acidic and basic conditions

ﬁ ENGAGE

What conditions are needed for redox reactions?

What conditions are needed for a redox reaction to take place? Do they even matter?
Redox reactions can take place in a range of conditions, including neutral, basic or acidic
conditions. These conditions do have some influence over what species are involved
during a redox reaction and are important to consider when writing balanced equations
for a given scenario.

In basic conditions, the OH™ ions play a role in the redox reactions that can take place.
You might already be familiar with alkaline batteries; these are examples of redox
reactions taking place in basic conditions. Car batteries, on the other hand, are an

FEATURES %E example of redox reactions taking place in acidic conditions. You will learn more about
GALVANIC CELLS batteries and cells and their conditions in Section 3C.
VIDED 3B-1 Figure 3B-1 AA batteries (left) are an example of redox reactions occurring under basic
HALF- conditions. Car batteries (right) are an example of redox reactions occurring under acidic
EQUATIONS conditions.
S EXPLAIN
While most of this material is repeated from Units 1 and 2, please note that new material
UNIT 2 has been added to cover redox reactions under basic conditions. This was not required
learning for the Units 1 and 2 course and is potentially examinable content.
Sirmple halt ertmg redox h.alf—equatlons
eiﬂatiiﬁ Simple half-equations
elther the
reduction or You should recall that redox reactions involve both reduction and oxidation. As you have

oxidation part of
a redox reaction - ] ) ) .
involving only half-equations, which show the electrons either as reactants in reduction half-equations or

one element as products in oxidation half-equations. These are referred to as simple half-equations.

already seen in Section 3A, reduction and oxidation reactions can be written as separate

3A REDUCTION
AND OXIDATION
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When writing simple half-equations, which contain only one type of element, there are a
few steps that you need to follow. Applying the acronym ECS will help you to remember
these three critical steps.
1 Write the species on the correct side of the equation and then balance the Element

involved.
2 Balance the Charges in the equation. This is done by adding the appropriate number of

electrons to the more positive side of the half-equation. Note that you can apply your

understanding of oxidation numbers to each element in an equation to determine this.
3 Finally, ensure that you have included correct States for each element listed.

NOTE

When assigning states for redox equations in this course, note the following points.

1 Ions

are always aqueous, (aq).

2 Electrons have no state.
3 Water, H,0, is always liquid, (1).

VIDEO

Worked example 3B-1: Writing oxidation half-equations WORKED

EXAMPLE 3B-1

Write the half-equation to represent the oxidation of solid zinc, Zn(s), to zinc ions,
Zn**(aq).

Solutio

n

Step 1 | From the description provided, write the species on Zn — Zn2+
E the appropriate side of the equation. In this example,
the moles of Zn is the same on each side, so the
Elements are balanced.
Step 2 | Identify which side is more positive and by how many 0 +2
C | units. This can be done by applying oxidation numbers. Zn - Zn?* + 2e”
Add the appropriate number of electrons to that side.
In this example, the right-hand side is more positive
by 2, meaning that two electrons need to be added to
this side, which balances the Charges.
Step 3 | Add States to each element as required. Zn(s) —» Zn%t(aq) + 2e-
S
Figure 3B-2 In the above reaction, solid zinc (Zn) is converted to Zn?* ions.
These ions then go on to react with oxygen, forming zinc oxide.
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NOTE

The charges on each side of an equation do not necessarily have to equal zero. You must only
balance the charges so that they are the same on each side of the half-equation.

W(;gﬂgg Worked example 3B-2: Writing reduction half-equations
EXAMPLE 382

Write the redox half-equation to represent the reduction of bromine gas, Brz(g), to
bromide ions, Br~(aq).

Solution

Step 1 | From the description provided, write the species on the
E appropriate side of the equation. Br, — Br-
In this example, there are two bromine atoms on the
left-hand side, but only one on the right-hand side. To
balance the elements, we need to add an extra bromide | Bro = 2Br-
ion, written as a coefficient in front of the species.
Step 2 | Identify which side is more positive and by how many units.
C Add the appropriate number of electrons to that side.
In this example, the left-hand side is more positive by 2,
meaning that two electrons need to be added to this side.

Step 3 | Add states to each element as required.
)

Check-in questions — Set 1

1 Balance the following half-equations and identify each as either reduction or oxidation.
a Cl(g) — Cl(aq)
b Mn?*(aq) — Mn(s)
¢ K(s) - K*(aq)

Br, + 2e” — 2Br-

Br,(g) + 2e” —» 2Br(aq)

FE Complex half-equations
either the Complex half-equations contain more than one element and therefore require a different
LFF olj(cidlgtri]on approach to balance them correctly.

component of a

redox reaction : . T e
R Balancing in acidic conditions

more than one Applying the acronym KOHES shown below will help ensure you follow the appropriate
element . Lo oo . S s
order to write and balance the half-equation if the reaction is taking place in acidic conditions.

Step Explanation

K | Balance the Key element This will be the element that is not oxygen or hydrogen. This is done by
placing the correct coefficient in front of the required species.

0 | Balance the Oxygen This is done by adding water, H,0, to the opposite side of the equation to
the oxygen.

H | Balance the Hydrogen This is done by adding hydrogen ions, H*, to the appropriate side of the
equation.

E | Balance the Electrons Add the appropriate number of electrons to the more positive side of the
equation.

S | Itis imperative that you Water should be given a liquid state, (1), and the hydrogen ions will be

include States on all species | written as aqueous, (aq).
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VIDEO
Worked example 3B-3: Writing half-equations in acidic conditions WORKED
EXAMPLE 38-3

Dichromate ions, Cr,0.%", are a strong oxidising agent and as such can be reduced to
chromium ions, Cr?*. Write the half-equation to represent this, assuming the reaction
takes place in acidic conditions.

Solution

Step 1 | Start by writing each species on the
K appropriate side of the equation.
Balance the Key element, in this case the | Cr,0,~ — Cr3*
chromium, Cr. There are two chromium

atoms on the left-hand side, but only
one on the right-hand side. Balance by Cr2072* — 2Cr3+
placing a 2 in front of the Cr3+.
Step 2 | Balance the Oxygen. Do this by adding

0 |seven water (H,0) molecules to the Cr,0,2~ - 2Cr3* + TH,0
right-hand side.
Step 3 | Balance the Hydrogen. Do this by

H adding 14 H* ions to the left-hand side.
Step 4 | Balance the charges by adding

E Electrons to the more positive side. In
this example, the total of the charges is
+12 on the left-hand side and +6 on the
right-hand side. As such, six electrons
are needed on the left-hand side.
Step 5 | Add States to the half-equation. Cr,0,%(aq) + 14H*(aq) + 66~ —

S 2Cr3+(aq) + 7H,0(1)

Cr,0,2~ + 14H* — 2Cr3* + 7H,0

Cr,0,% + 14H* + 6e~ - 2Cr3* + 7H,0

Balancing in basic conditions

Balancing redox reactions in basic, or alkaline, conditions is slightly more complicated than
the steps involved for acidic conditions. The main reason is that each redox half-equation will
have both hydrogen ions, H*, and hydroxide ions, OH™, added to it. These ions then combine
to make water, so there is some additional cancelling that takes place. We can still use the
KOHES method, but remember to include the two additional steps, which are shown below.

Step Explanation

K Balance the Key element This will be the element that is not oxygen or hydrogen. This is done by
placing the correct coefficient in front of the required species.
0 Balance the Oxygen This is done by adding water, H,0, to the opposite side of the equation
to the oxygen.
H Balance the Hydrogen This is done by adding hydrogen ions, H*, to the appropriate side of the
equation.
Additional | Neutralise any H* ions This is done by adding hydroxide ions, OH~, to both sides of the
step equation.
OH-
Additional | Combine the H* and OH~ ions | Combine any H* and OH™ ions that appear on the same side of the
step equation, to make water. These water molecules can then potentially
H,0 cancel with any other water molecules on the opposite side of the equation.
E Balance the Electrons Add the appropriate number of electrons to the more positive side.
S It is imperative that you Water should be given a liquid state, (1), and the hydrogen ions will be
include States on all species | written as aqueous, (aq).
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VIDEO
WO;(KED Worked example 3B-4: Writing half-equations in basic conditions
EXAMPLE 3B—4

The dichromate ion, Cr,0.?", is a strong oxidising agent and as such can be reduced to a
chromium ion, Cr3*. Write the half-equation to represent this assuming the reaction takes place
in alkaline conditions.

Solution

Step 1 | Start by writing each species on the

K appropriate side of the equation.
Balance the Key element, in this
case the chromium, Cr. There are
two chromium atoms on the left-
hand side, but only one on the right-
hand side. Balance by placing a 2 in
front of the Cr3+.

Step 2 | Balance the Oxygen. Do this by
0 |adding seven water molecules to the | Cr,0,2~ — 2Cr3* + 7H,0
right-hand side.

Step 3 | Balance the Hydrogen. Do this by
H |adding 14 H* ions to the left-hand | Cr,0,2~ + 14H* — 2Cr3* + 7H,0
side.

Step 4 | Neutralise the H* ions by adding
OH- | OH". Do this by adding 14 OH" ions Cr2072‘ + 14H* + 140H- — 2Cr3* + 7H,0 + 140H-
to both sides of the equation.

Step 5 | Combine the H* and OH™ ions to

H,0 | make water, then cancel the water Cr2072* + 14H,0 — 2Cr3+ + 7H,0 + 140H-
molegules on each S|.de of the. Cr.0-2- + MH.0 — 2Cr3* +TH-0. + 140H-
equation where possible. In this 277 2 2
example, there are seven H,0 that | Cr,0,%" + 7TH,0 — 2Cr3* + 140H-
cancel on each side.

Step 6 | Balance the charges by adding

E Electrons to the more positive side.
In this example, the total of the
charges is -2 on the left-hand side | 6e~ + Cr,0,%" + 7H,0 — 2Cr3* + 140H-
and -8 on the right-hand side. As
such, six electrons are needed on
the right-hand side.

Step 7 | Add States to the half-equation.

Cr,0,% - Cr3*

CF2O72’ - 2CI’3Jr

6e” + Cr,0,%(aq) + 7H,0(1) — 2Cr3*(aq) + 140H(aq)

Check-in questions — Set 2

1 Balance the following half-equations, assuming acidic conditions, and identify each
half-equation as reduction or oxidation.
a MnO, (aq) — Mn?*(aq) b H,SO,(aq) — SO,* (aq)

2 Balance the following half-equations, assuming basic conditions, and identify each
half-equation as reduction or oxidation.
a MnO, (aq) — Mn?*(aq) b H,SO,(aq) — SO,* (aq)
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Combining half-equations

You should recall that redox reactions involve a transfer of electrons, where reduction and
oxidation both occur simultaneously. That is, you can’t have one without the other, and the
number of electrons that the oxidising agent gains, must be equal to the number of electrons
that the reducing agent loses. When considering half-equations, this means that the number
of electrons on the left-hand side of a reduction half-equation must be equal to the number
of electrons on the right-hand side of the corresponding oxidation half-equation.

In situations where the number of electrons differ in each half-equation, you must find the

lowest common multiple for the number of electrons. Do this by multiplying one or both

half-equations to ensure that the numbers of electrons are equal to this lowest common

multiple value. The half-equations can then be added or combined to give the full, overall :/IVI([)]}E}?ED
redox equation. Worked example 3B—5 shows you how to do this. EXAMPLE 3B-5

Worked example 3B-5: Combining redox half-equations

Write the combined redox equation for the reaction between silver ions and nickel metal.

Solution

Step 1 | Write each of the balanced half-equations Ag*(aq) + e~ — Ag(s)

that take place. Ni(s) - Ni%*(aq) + 2e~
Step 2 | Balance the electrons in each equation by 2 x (Agt(aq) + e~ — Ag(s))
finding the lowest common multiple. 2Ag*(aq) + 2e~ — 2Ag(s)

The silver half-equation only has one
electron, whereas the nickel half-equation
contains two electrons.

To balance the electrons, we need to multiply
the silver half-equation by 2.

Step 3 | Combine the half-equations by adding them 2Agt(aq) + 2~ — 2Ag(s)
together. A simple way of doing this is to write Ni(s) — Ni2*(aq) + 2e
each species that is on the left of the arrow
of the half-equations together on the left and 2Agt(aq) + 2e~ + Ni(s) — 2Ag(s) + Ni2*(aq) + 2e
write each species that is on the right of the
arrow of the half-equations together on the
right.

Note that it is important to place the arrows
directly below each other.

Step 4 | The electrons on the left-hand side of the 2Ag*(aq) +.2e& + Ni(s) — 2Ag(s) + Ni*(aq) + 2e~
arrow cancel out those on the right-hand
side, leaving the full balanced redox equation. 2Ag*(aq) + Ni(s) — 2Ag(s) + Ni*(aq)

The final equation in the solution to Worked example 3B-5 is an example of a redox
equation that can also be classified as an ionic equation. It shows the species reacting and
their charges and states but does not show the electrons that are being transferred.
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Writing balanced half-equations from full redox reactions

Sometimes you may be given an ionic equation, or full redox equation, from which you
need to identify what the half-equations are. This involves applying most of the skills that
you have been looking at in this chapter. You will need to identify the redox couples and

3A REDUCTION follow the steps to balance each half-equation that were covered in Worked examples 3B—1,
AND OXIDATION
3B-2 and 3B-3.
VIDEO eys . c
WORKED Worked example 3B-6: Writing half-equations from full equations

EXAMPLE 3B-6

Use the following redox reaction to write the two half-reactions. Also identify which
half-reaction is reduction and which is oxidation.

E,(g) + 2Fe**(aq) — 2F~(aq) + 2Fe**(aq)

Solution

Step 1 | Identify the redox couples and write
each pair on appropriate sides of F,(g) + 2Fe**(aq) — 2F~(aq) + 2Fe**(aq)
the half-equation. A 4

F,—F~
Fe2+ — Fe3+
Step 2 | Balance the Elements by adding F, - 2F

E | coefficients where necessary. Only | pe2+ _, Fe3+

the F~ ion requires the coefficient
2 in this example.

Step 3 | Balance the Charges by adding F,+2e — 2F

C electrons to the more positive side Fe2+ — Fed3* + e
of each half-equation.
Step 4 | Include States. F,(g) + 26~ —» 2F(aq)
S Fe?*(aq) — Fe3*(aq) + e
Step 5 | Identify which is reduction and Reduction (electrons on the left-hand side):

which is oxidation. The simplest way F,(g) + 2¢~ - 2F(aq)
to do this is to identify on which side

woRKSSHBEE]T of the half-equation the electrons Oxidation (electrons on right-hand side):
— L , .
SIM\F,’VIFE”/-\I“I(J; are shown. Another method is to use | T€°(@q) — Fe¥*(aq) + e
COMPLEX HALF- oxidation numbers.
EQUATIONS

4

-~ -
Phise LS -

~
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NOTE

There is sometimes a rare case where the reduction and oxidation reactions both result in the
same product being formed. An example of this is shown below.

Pb(s) + PbO,(s) + 4H*(aq) + 2S0,%(ag) — 2PbSO,(s) + 2H,O(l)

The redox couples for such a reaction would each have the same product as indicated below.

Pb + PbO, + 4H* + 250,%- — 2PbSO, + 2H,0

Sometimes it is possible for the opposite to happen, where the same species in a redox reaction
acts as both the reducing agent and the oxidising agent. In one half-reaction it would undergo
reduction, and in the other half-reaction it would undergo oxidation. These are uncommon
circumstances but are important to be aware of.

Check-in questions — Set 3

1 Write the full ionic equation by combining the following half-equations.
a AlP*(aq) + 3e” — Al(s) and Ca(s) — Ca?*(aq) + 2e~
b O,(g) + 4H*(aq) + 4e~ — 2H,0(l) and K(s) — K*(aq) + e~
Write the reduction and oxidation half-equations for the full redox equations shown,
assuming they take place in acidic conditions. Label each half-equation as either
reduction or oxidation.
a 2H*(aq) + 2Li(s) — 2Li*(aq) + H,(g)
b 2MnO, (aq) + 6H*(aq) + 5H,0,(aq) — 2Mn?*(aq) + 8H,O(1) + 50,(g)
Identify the conjugate redox pairs and use these to determine the overall equation for
the following reaction occurring in basic conditions.
MnO,~(aq) + Zn(s) - MnO,(s) + Zn(OH),*(aq)

3B SKILLS

Key things to check when writing balanced equations

It is important that you are able to write balanced equations, particularly in this section

of the course. Below are a few points to remember that you may find helpful.

1 Never change the subscripted numbers in a formula. This is only done when balancing
the formula of ionic compounds based on the individual charges of the cation and the
anion.

2 Only ever change coefficients to balance elements.

3 A balanced equation must have the same number of each element on both the
reactant and product sides.

4 Charges on both the reactant and product sides must always be the same. One
common mistake is adding electrons to each side of a redox equation to make the
charges equal zero on both sides. Sometimes the charges will be zero, other times
positive or negative. They simply need to be the same on each side.

5 Finally, always make sure that you add states to any equations you write.

N

w

Let’s look at an example to apply these rules.

VIDEO 3B-2
SKILLS: WRITING
BALANCED
EQUATIONS

ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023

Photocopying is restricted under law and this material must not be transferred to another party.
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In the 1840s, a telegraph system used an early version of an electric primary cell that
consisted of two half-cells, each with an electrode and an aqueous electrolyte, which
were:

+ azinc electrode (Zn) in dilute sulfuric acid solution (H,SO,).

+ aplatinum electrode (Pt) in concentrated nitric acid (HNO,).

In the nitric acid half-cell, aqueous nitrate ions, NO, , were converted into nitrogen
dioxide, NO,,

Write the half-equation for this reaction by following these steps.
1 Write the initial reactant and products without changing the subscripts present
NO, = NO,

2 Balance the elements by following the steps in KOHES, which will change the
coefficients.

NO,” + 2H* = NO, + H,0

3 Check that the same number of elements is present on both the reactant and product
sides of the equation — which they are.

4 The reactant side of the equation has an overall charge of +1 (-1 + 2), whereas the
product side of the equation has an overall charge of 0. Therefore, balance the charges
by adding electrons to the more positive side, in this case the reactant side (one
electron needed).

NO, +2H* +e = NO, + H,0O

5 Make sure that you write a state for each species.

NO,; (aq) + 2H*(aq) + e~ = NO,(g) + H,O(l)

Section 3B questions

1 Explain the difference between a redox half-equation and a full redox equation.
2 Balance the following half-equations.

a H,(g) » H*(aq)

b Cr3*(aq) — Cr(s)

¢ Agls) ~ Ag'(aq)
3 Balance the following half-equation using KOHES.

HNO,(aq) — NO, (aq)

4 Write the full ionic equation by combining the following half-equations.
a Pb?*(aq) + 2e- — Pb(s) and Co(s) — Co**(aq) + 2e~
b F,(g) +2e” — 2F (aq) and K(s) — K*(aq) + e~
¢ Explain the importance of multiplying the potassium, K, half-equation in part b when
determining the overall equation.
5 Write the reduction and oxidation half-equations for the full redox equations shown
below. Label each half-equation as either reduction or oxidation.
a Zn?*(aq) + 2Li(s) — 2Li*(aq) + Zn(s)
b 3CH,CH,OH(aq) + 2Cr,0,*(aq) + 16H*(aq) — 4Cr3*(aq) + 11H,0() +
3CH,COOH(aq)
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6 For each of the following reactions, write the balanced half-equations, identifying
which is oxidation and which is reduction, as well as writing the overall redox equation.
a I,(s) + H,S(g) — I"(aq) + S(s)

b NO, (aq) + H,S(g) = NO(g) + S(s)
¢ SO,*>(aq) + MnO, (aq) = SO,* (aq) + Mn**(aq)
d Cr,0,*(aq) + CH,CH,OH(g) - CH,COOH(g) + Cr**(aq)

7 When a piece of copper metal is placed into a silver nitrate solution, silver metal is
formed and the solution gradually turns blue, indicating the presence of copper(II) ions
in solution. The oxidation and reduction reactions can be represented by two half-
equations.

Write these half-equations and identify which substances are oxidised and which are
reduced.

8 Form an overall equation by combining the following pair of half-equations:

VO?(aq) + H,0(l) - VO,*(aq) + 2H*(aq) + e~
VO?*(aq) + 2H*(aq) + 2e~ — V**(aq) + H,0(1)
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%, Features of galvanic cells

Study Design: Glossary:

o The common design Anode Inert
features and general Cathode lon
operating principles of Chemical energy Primary cell
non-rechargeable (primary) Conjugate redox pair  Salt bridge
galvanic cells converting Electrical energy Spontaneous reaction
chemical energy into Electrochemical cell ~ Voltmeter
electrical energy, including Electrode
electrode polarities and the Electrode polarity
role of the electrodes (inert Electrolyte
and reactive) and electrolyte Galvanic cell
solutions (details of specific Half-cell

cells not required)

Q ENGAGE

Batteries are everywhere!

In a world where technology is advancing and
the number of portable and mobile gadgets

is increasing, have you ever wondered when
batteries were first invented, or what is it about
a battery that makes it possible to provide the
electrical energy to power these devices?

There are many different types of batteries in
use today. Some larger batteries store huge
amounts of power generated by solar farms,

Figure 3C-1 ltalian scientist Alessandro

. ) Volta and his voltaic pile ‘battery’
others may be used to power electric cars, while  onsisting of alternating silver and

many are much smaller and can be found in zinc discs

watches and hearing aids. Despite their size

differences, essentially all of them have a similar design enabling a redox chemical
reaction to take place that converts stored chemical energy into usable electrical energy.

American scientist and inventor, Benjamin Franklin, first used the term ‘battery’ in
the mid-1700s but it is believed that the first true battery was made by Italian scientist
Alessandro Volta in 1800. He created a stack of alternating discs of silver and zinc,
separated by cloth soaked in salt water, to generate a current. Since there were

no instruments available to detect weak currents at the time, he tested his batteries by
using his tongue! Volta discovered that changing the types of metals used, as well as
changing the number of discs, had an effect on the amount of current that the battery
could produce.

Another battery that you might already be familiar with is the lead—acid battery, which
was invented in the mid-1800s. It was the first-ever rechargeable battery and is still
commonly used today to provide the electrical energy needed to start cars and other
vehicles. Batteries are examples of galvanic cells, which are central to this section of the
Study Design.
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EXPLAIN

Electrochemical cells

Electrochemical cells are systems that can convert stored chemical energy into electrical
energy or that can use electrical energy supplied to facilitate chemical reactions. Some can
even do both! In this chapter, we will focus on the former, also referred to as ‘galvanic cells’.
Galvanic cells are one type of electrochemical cell and involve spontaneous redox reactions.

NOTE

ISBN 978-1-009-22984-5
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It is helpful to recognise that there are a number of interchangeable terms used when discussing
galvanic cells: ‘voltaic cell’, ‘primary cell’ and even the term ‘battery’ may all be used to reference
a galvanic cell. Essentially, they are equivalent in that they refer to an electrochemical cell that
spontaneously produces electrical energy from chemical energy.

Energy transformation

Figure 3C-2 shows the spontaneous
redox reaction that occurs when solid
zinc metal, Zn(s), is placed directly
into a solution of copper(Il) sulfate
containing copper ions, Cu’*(aq).
The overall redox reaction for this
process is:

Cu?*(aq) + Zn(s) — Cu(s) + Zn?**(aq)

Since the reactants are in direct
contact with each other, when the
reaction takes place, electrons are
exchanged directly in an exothermic
reaction, and chemical energy is
converted into thermal energy, which
is released into the surroundings

as heat.

Figure 3C-2 A piece of solid zinc placed into copper
sulfate solution undergoes a spontaneous exothermic
reaction.

To be effective in producing electrical
energy, galvanic cells are systems

that separate the two reactants instead of allowing them to be in direct contact with one
another. This allows for the transformation of chemical energy into electrical energy that
can be harnessed and used to provide power. Without this separation, a spontaneous
exothermic reaction would still occur, involving a direct exchange of electrons between
the reactants. This would produce heat energy instead of the electrical energy that can be
generated by a galvanic cell.

Check-in questions — Set 1

1 What type of energy transformation takes place when the reactants for a spontaneous
redox reaction are in direct contact with one another?

2 What type of energy transformation takes place when the reactants for a spontaneous
redox reaction are separated from one another in a galvanic cell?

Drummond et al

Electrochemical
cell

a system where
electrical energy
can be converted to
chemical energy or
vice versa

Chemical energy
energy stored within
the bonds between
atoms

Electrical energy
energy that involves
the flow of electrons
and/or charged
particles

Galvanic cell

a system in which

a spontaneous
redox reaction takes
place, converting
chemical energy to
electrical energy

Spontaneous
reaction

a reaction that
takes place without
the input of external
energy

Primary cell

a type of
electrochemical cell
that spontaneously
produces electrical
energy from
chemical energy;
also referred to as

a voltaic cell or
battery
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Features of galvanic cells
Galvanic cells are designed with a number of important features to ensure that electrical
3A REDUCTION energy can be produced. Figure 3C-3 shows a representation of a specific galvanic cell
AND OXIDATION called the Daniell cell, which was one of the first galvanic cells, invented by English
chemist John Daniell in 1836. It includes many of the essential features common to all
oH:elzf-hcaﬁ:‘l oia galvanic cells and is simple enough that you can reproduce it in the laboratory.

galvanic cell . .
that contains Electrochemical cell (Galvanic cell)

an electrode
submerged in a m

solution of ions = v =

Electrode

solid conducting
material that
can carry
electric current;

a connecting
terminal that Anode Cathode

allows current Zn(s) Salt bridge Cu(s)

to flow \\

lon

a positively

or negatively
charged atom
that has either
lost or gained
electron(s)

Oxidation
Reduction

Cathode

the electrode at f"

which reduction 5 >
occurs. In a Vil Cur=r

galvanic cell, \_ ) \_ - )
the cathode is

positive Zn(s) > Zn?*(aq) + 2e~ Cu*(aq) + 26~ — Cu(s)

Anode Figure 3C-3 A simple representation of the Daniell cell invented in 1836 by English

the electrode at . .
which oxidation chemist, John Daniell

occurs. In a

galvanic cell, Half-cells

the anode is

negative Galvanic cells are comprised of two half-cells, which must be separated in order to produce
Electrode electrical energy. In Figure 3C-3 above, the Daniell cell has two beakers separating the
{)r?ela;g)slitive o reactants. Each half-cell contains a solid conducting electrode partially submerged in a
negative charge solution of ions. It is on the surface of these electrodes where the reduction and oxidation
2?;55';522 o 'tahn reactions take place. From Section 3A, we know that reduction involves a ‘gain’ of electrons,
electrochemical while oxidation involves the production or ‘loss’ of electrons. In a galvanic cell, the

g?'rl egiiatfosr? electrode where reduction occurs is called the cathode, which is also the positive terminal of
or oxidation the cell. The electrode where oxidation occurs is called the anode, which in a galvanic cell is
Tt also the negative terminal of the cell. The positive or negative ‘charge’ on these electrodes is
a galvanic cell, more accurately referred to as the electrode polarity.

the cathode is

positive and

the anode is Electrodes

IS In Figure 3C—4, solid zinc, Zn(s), is acting as the anode in the oxidation half-cell, which
ggi':j”gate redox also contains a solution of zinc ions, Zn?*(aq). Solid copper, Cu(s), is the cathode in the

a reducing reduction half-cell, which also contains a solution of copper(II) ions, Cu**(aq). You might
igfgs;gs d'it:g recognise the species in each half-cell as conjugate redox pairs. Each half-cell contains a
conjugate reducing agent and a conjugate oxidising agent. In most galvanic cells, a metal is part of

oxidising agent the conjugate redox pair and is therefore often used as an electrode. When this is the case,

the electrodes are reactive and take part in the redox reactions occurring. During such
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reactions, it is possible to observe an increase in mass at the cathode, where ions are
converted to solid metal atoms (reduction occurs). Conversely, at the anode, where metal
atoms are converted into ions, it is possible to observe a decrease in the mass of the metal
electrode being used (oxidation occurs).

Voltmeter

Cu(s)
cathode

Salt bridge,
NaCl(aq)

1 M Zn(NOs),(aq) 1 M Cu(NO3)s(aq)

Oxidation half-reaction: Reduction half-reaction:
Zn(s) —Zn*"(aq) + 2e~ Cu™(aq) + 26— Cu(s)

Overall reaction: Zn(s) + Cu®(aq)— Zn**(aq) + Cu(s)

Figure 3C-4 Solid zinc, Zn(s), is acting as the anode and solid copper, Cu(s), is acting as the cathode.

Sometimes the conjugate redox pair in a half-cell does not include a metal, in which case Inert

an inert electrode, such as graphite or platinum, may be used instead. These materials still Iargetl_y nodn-
conduct electricity, but importantly, are not involved in the actual half-reactions that take Lﬁct;\@ pacﬁsin
place on their surfaces. A final point worth noting about electrodes is that some half- a reaction

cells involving gases, such as hydrogen, oxygen or chlorine, may even have a special ‘gas
electrode’. Where the gas is a product of the reaction, there needs to be a way for the gas to
escape. If the gas is a reactant, however, it is usually necessary for the gas to be bubbled into
the solution surrounding the electrode. Figure 3C—5 shows an electrochemical cell that uses
these gas electrodes.

D

e

Figure 3C-5 An electrochemical cell showing a set-up with two gas electrodes
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NOTE

Half-cells usually contain the species that react, but it is important to note that it is also possible for
other species that are not involved in the reaction to be present. Sometimes there may be multiple
ions present in a solution, often used to supply the reactive ions to the solution. For example, in the
Daniell cell, the copper ions are supplied by copper(Il) sulfate. Sulfate ions, SO,?- are also present
but would be considered spectator ions as they do not take part in the actual reaction.

The salt bridge

Salt bridge The salt bridge plays three important roles in a galvanic cell:

Eﬁgﬂletcltﬁ tahe 1 It connects the circuit, allowing for the flow of charged particles through the circuit
galvanic cell and 2 It allows for the physical separation of half-cells, preventing reactants from coming into
contains ions di ith h oth

et belEnes Hhe irect contact with each other

?harges fﬁrmed 3 Itis usually soaked in a non-reactive electrolyte solution consisting of cations and anions
rom eac . . . . . .
half-cell that can migrate into the solutions to balance the charges of the reaction occurring in

each half-cell (as shown in Figure 3C—4 with Na* and CI  ions).

Electrolyte

onStr;;)rr? ao(;tBI:Ste Without a salt bridge, charge would accumulate in each of the cells and the redox reaction
that enables the would soon cease.

flow of charged

gszjtiﬁ:j;s © Two common electrolytes used in galvanic cells are concentrated potassium nitrate, KNO,,
facilitate the and concentrated potassium chloride, KCl; however, other substances may also be used,

redox reactions

including sodium sulfate, Na,SO,, and sodium chloride, NaCl. Often the salt bridge is
simply a piece of filter paper soaked in the electrolyte and draped across the two solutions
in each beaker.

Migration of ions from the salt bridge
Consider the redox reactions taking place in the Daniell cell shown in Figure 3C—4.

Reduction at the cathode: Cu’*(aq) + 2~ = Cu(s)
Oxidation at the anode: Zn(s) = Zn**(aq) + 2e”

If we focus on the reduction reaction, we can see that it is using positive cations from the
solution and converting them to neutral solid metal atoms. As a result, those cations are
essentially removed from the solution as they take part in the reaction, so there would start
to be an imbalance between the cations and anions in the solution. To balance the charges,
positively charged cations from the salt bridge migrate into the solution of the reduction
half-cell. For example, if NaCl is the electrolyte solution being used in the cell, it would

be sodium ions, Na*, that migrate towards the cathode. It is important to note that this
‘balancing’ of charge is happening in real-time and that if it did not, the galvanic cell would
cease to function.

Looking at the anode reaction, the opposite is occurring, as solid zinc metal atoms are
oxidised to zinc ions, Zn?*. In this half-cell, the balance of charge in the solution would
start to shift to have more cations than anions, so to balance this change, negatively charged
anions migrate from the salt bridge towards the anode. If NaCl is the electrolyte solution
being used in the cell, it would mean chloride ions, Cl~, perform this function.
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NOTE

An easy way to remember this movement of ions in the electrolyte (salt) bridge is:
- anions to the anode
- cations to the cathode.

As well as observing a change in mass at the cathode and anode, sometimes other
important observations can be made that provide some indication that a reaction is taking
place within a galvanic cell. In some half-cells, gases may be produced in a half-reaction
that result in bubbles forming on the surface of the electrode. Another observation might
be a change in appearance of the solvent used in a half-cell. For example, in the Daniell cell,
the copper(Il) sulfate solution has a blue colour. However, as the reaction proceeds and
copper ions in that solution undergo reduction, the concentration of copper ions, Cu*, will
decrease and the intensity of that blue coloured solution will also decrease over time.

The external circuit

The separation of reactants in a galvanic cell is crucial and allows the electrons produced
by oxidation at the anode to flow to the cathode where they then take part in the reduction
reaction. It is important to recognise that the electrons do not move into the solutions.

Instead, the electrons flow from one electrode to the other via the external circuit, which is lefnmsitsinent
made up of wires connecting the electrodes. In some cell diagrams you may see light globes :JT]S::SL?{“ ¢
used in place of the voltmeter shown in Figure 3C-3 or 3C—4, which would glow when electrical
current flows through the external circuit. potential
NOTE
An important skill is to determine the direction of flow of electrons. Although it should be
possible to work out the direction by looking at the half-equations to see where the electrons
are being used and where they are being produced, another convenient way to remember the
direction is that they travel from the anode to the cathode (A to the C), which is in alphabetical
order.
1 Explain the function of each galvanic cell design feature listed below.
a salt bridge
b electrolyte solution
c electrode
d external circuit
e separated half-cells
2 State the direction of flow for the following particles during a spontaneous reaction
occurring in a galvanic cell.
a anion in the salt bridge solution
b cation in the salt bridge solution
¢ electron
3 In the Daniell cell shown in Figure 3C-3, predict which electrode would show an
increase in mass and which would show a decrease in mass.
ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023
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Drawing and labelling galvanic cell diagrams

A key skill is being able to use the information about a reaction taking place in a galvanic
cell to draw and/or label key aspects of the cell. This might include:

« writing the half-reactions or overall reaction occurring in the cell

« labelling the anode and cathode

o labelling the polarity of the electrodes

o labelling the direction of electron flow

o labelling the direction of flow of ions from the salt bridge.

Being able to determine many of these characteristics relies on identifying the cathode and
the anode. To assist with this, make use of the galvanic cell mnemonic (memory aid): the
Happy Red Cat.

o Happy corresponds to the positive terminal.

o Red corresponds to reduction.

o Cat corresponds to cathode.

In galvanic cells, these three aspects always combine in the reduction half-cell, so you only
need to identify one of the three aspects to quickly work out the other two. The opposite
holds true for the oxidation half-cell: negative, oxidation and anode.
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VIDED
Worked example 3C-1: Identifying the features of a galvanic cell \év)?mg& o

Draw a copy of the galvanic cell shown below and label the following features.
direction of electron flow

name of zinc electrode (anode or cathode)

polarity of zinc electrode

ion migrating from salt bridge

name of reaction (reduction or oxidation)

name of copper electrode (anode or cathode)

polarity of copper electrode

: ion migrating from salt bridge

name of reaction (reduction or oxidation)

TIQTENYQWR

S e
B: Salt bridge F:
‘] ( KNO3 ) ) {
C G:
D: H:
S _ > \. _ Y,
Zn(s) — Zn2+(aq) + 2e~ Cu?*t(aq) + 2e~— Cu(s)

E: I:

Solution

Step 1 | There is no specific order in which to Loss of electrons:
approach a question like this, but the | 7n(s) - zn?*(aq) + 2e
key is to identify what information you
are given and to then try to apply the
‘happy red cat’ mnemonic.

By identifying the reactions shown Gain of electrons:

for each half-cell, and applying what Cu2*(aq) + 2&~ — Cul(s)
we already understand about redox
reactions, we can see the equation
on the left for zinc is producing two
electrons. Therefore, ‘E’ is oxidation.
We can also see that in the half-
reaction on the right the copper ions
are combining with two electrons,
which means that ‘I’ is reduction.

Therefore, ‘E’ is oxidation.

Therefore, ‘I’ is reduction.
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Step 2 | We can then apply the ‘happy red cat’ | Happy red cat:
to labels F and G. Happy: positive
Red: reduction, which occurs on the
right-hand side.
Cat: cathode must also be on the
right-hand side.
Therefore, ‘F’ is cathode and ‘G’ is
positive.
Step 3 | By elimination, this tells us which If ‘F" is the cathode, ‘B’ is the anode
terms correspond to labels B and C. and ‘C’ is negative.
Step 4 | The direction of electron flow can now | Electrons flow from left to right in
be determined, as we know electrons | this cell, so an arrow pointing right is
flow from anode to the cathode (A to appropriate for ‘A’ on the diagram.
the C).
Step 5 | For ion flow, we know that anions flow | Because KNO; is shown as the
to the anode and cations flow to the electrolyte solution, the anions would
cathode. be nitrate ions, NOS‘, and the cations
would be potassium ions, K*. We can
now add these species to labels D and
H respectively.
Step 6 | Complete the diagram. See below.
S
[
A: ——
B: anode Salt bridge F: cathode
\ (7 ) (
KNO3
C: negative G: positive
D: NO3~ H: K
\_ _ ) \ _ J

Zn(s) > Zn?*(aq) + 2e

ISBN 978-1-009-22984-5
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E: oxidation

Drummond et al

Cu?*(aq) + 2e-— Cu(s)

|: reduction
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Summarising the design features of galvanic cells

The design features of a galvanic cell play an important role in allowing for the conversion
of chemical energy into usable electrical energy. Table 3C—1 provides a summary of the key
design features of galvanic cells and their importance.

Table 3C-1 Essential features of a galvanic cell

Design feature Function

Two separated Allows for reduction and oxidation reactions to take place without direct

half-cells contact between reactants so that electrons are forced to flow through
the external circuit to provide electrical energy

External circuit Consists of the wires connecting electrodes, as well as any device

that is connected for electrons to flow though. Electrons flow from the
anode to the cathode (A to the C).

Salt bridge Allows half-cells to be physically separated. Connects the circuit
allowing for charged particles (ions) to flow; supplies cations and
anions to balance the charges in each half-cell

Electrodes Provide a surface for the reduction and oxidation reactions to take
place on. In most half-cells, they are made from the metal that forms
part of the redox conjugate pair in that half-cell.

Electrolyte solution | Non-reactive solution that allows for flow of charge. Anions migrate
towards the anode and cations migrate towards the cathode.

Anode Negative electrode where oxidation half-reaction takes place
Cathode Positive electrode where reduction half-reaction takes place

Check-in questions — Set 3

1 Draw a copy of the galvanic cell below and label the missing features.
a direction of electron flow

b name of each electrode (anode or cathode)
¢ polarity of each electrode
d ions migrating from salt bridge to each electrode (assume KNO; is the electrolyte)
e name of each half-reaction (reduction or oxidation)
N\
| = |
Direction of electron flow
Lead electrode Silver electrode
(7 N
Salt bridge (KNO3)
\ ( \ (
\ J § J
Pb(s) — Pb2*(aq) + 2e~ Agt + e — Ag(s)
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VIDEO 3C-1
SKILLS: 3C SKILLS
LABELLING
GALVANIC CELL
DIAGRAMS Labelling galvanic cell diagrams
An important skill as part of this section is that you are able to draw and fully label a
galvanic cell when given the electrode and electrolyte for two half-cells. You should as
part of this be able to include the following information in your labelled diagram:
o relevant half-equations
« the polarity of the electrodes
o direction of electron flow through the wires (Remember: electrons flow away from
the anode: A to C)
+ direction and movement of ions from salt bridge (assume KNO, is being used) —
remember positive ions migrate from the salt bridge to the cathode (+ with +)
« the anode and cathode
o the reducing agent and oxidising agent
 the overall equation
« the cell potential difference (theoretical voltage produced). This is discussed in more
detail in the next section.
Let’s look at an example question to apply all these things you should include.
Question:
A galvanic cell is made up of two half-cells containing the following:
AlP*(aq) / Al(s) and Sn?*(aq) / Sn
Draw a fully labelled diagram for this galvanic cell, including all the points identified
above.
Answer:
Aluminium — Tin
ANODE CATHODE
) (+)
Al(s) > Al®*(aq) + 3e~ Sn?*(aq) + 2~ — Sn(s)
OXIDATION REDUCTION
Section 3C questions
1 State whether the following statements are true or false for galvanic cells. Justify your
response for each.
a Electrons flow through the salt bridge from the anode to the cathode.
b Cations flow from the salt bridge to the cathode.
¢ Reduction occurs at the cathode.
d Electrical energy is converted to chemical energy.
e The polarity of the anode is negative.
f The cathode can show an increase in mass during a reaction.
ISBN 978-1-009-22984-5 Drummond et al © Cambridge University Press & Assessment 2023
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2 Copy the diagram of the galvanic cell below and label the missing features.

a direction of electron flow
name of each electrode (anode or cathode)
polarity of each electrode

o QO O T

name of each half-reaction (reduction or oxidation)

O,

Direction of electron flow
Lead electrode

(- . N
|: Salt bridge (KNOs3)

\ ( \

. J (&

[ron

ions migrating from salt bridge to each electrode (assume KNO, is the electrolyte)

electrode

[ ]

(

J

Pb(s) — Pb?*(aq) + 2e~ Fe(s) » Fe?*(aq) + 2e~

3 A galvanic cell consists of one half-cell with a lead electrode placed in an aqueous lead
ion electrolyte, and the other half-cell, which is a standard hydrogen half-cell with

aqueous hydrogen ions.

Draw a fully labelled galvanic cell for this set-up, showing and labelling the following:

* anode and cathode

¢ electrode and electrolyte for each of the half-cells

e direction of electron flow

* salt bridge with the direction of ion flow into each half-cell
* oxidation and corresponding half-equation

* reduction and corresponding half-equation

e overall redox equation.
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Using the electrochemical series

Study Design:

ENGAGE
The southern hemisphere’s largest battery is right here in Victoria!
Did you know that, as of 2023, the
largest lithium-ion battery in the
southern hemisphere is located near
Geelong? The Victorian Big Battery
(VBB) stores enough energy to power
more than 1 million homes for 30
minutes. In this section, you will look
at how changing the reactants used
in galvanic cells can have an effect on
the reactions taking place as well as
the amount of electrical energy they

The use and limitations of the
electrochemical series in designing
galvanic cells and as a tool for predicting
the products of redox reactions, for
deducing overall equations from redox
half-equations and for determining
maximum cell voltage under standard
conditions

can produce.

Glossary:

Electrochemical series
Potential difference
Standard cell potential
Standard electrode potential
Standard hydrogen electrode
Voltage

HIGH VOLTAGE
KEEP OUT
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EXPLAIN

Potential difference

Under the same conditions, the type of reactants being used will influence the amount of
voltage that can be produced by a galvanic cell. The voltage produced is caused by the potential
difference in the amount of energy that the valence electrons have in atoms of different
elements. Electrons flow through the external circuit because of this difference in potential
energy between the two electrodes. More simply, the reactant in one half-cell has a stronger
tendency to move electrons through the circuit compared to the other half-cell. The greater
the difference between the two reactants, the greater the potential voltage the cell will be.

Salt bridge

Salt bridge

\ ( \ ( \ 4 \ (

25°C 25°C

\ _ J G J G J \ _

1 M Zn?*+(aq) 1 M Cu?*(aq) 1 M Mg2*(aq) 1 M Cu?+(aq)

Figure 3D-1 Two similar galvanic cells. The voltage produced in the Daniell cell on the
left is 1.10 volts compared to the cell on the right, which can produce 2.62 volts under
the same conditions. In the cell on the right, the zinc half-cell has been replaced with a
magnesium half-cell.

On the Daniell cell represented in Figure 3D—1, on the left-hand side, the voltmeter measuring
the flow of electric current moving between the two half-cells shows that 1.10 volts is being
produced. In the cell shown on the right-hand side, the zinc half-cell has been substituted with
a magnesium half-cell. Under the same conditions, the second cell is able to produce 2.62 volts.
This difference is due to magnesium being more reactive and having a greater tendency to
move electrons through the external circuit compared to the zinc half-cell.

Standard electrode potential

Each half-cell has a unique standard electrode potential, which is the amount of voltage it
can produce at standard conditions. For these experiments, standard conditions refers to
a temperature of 25°C (298 K), solvent concentrations of 1 M and a pressure of 100 kPa.
As redox reactions involve both reduction and oxidation occurring simultaneously, it

is not possible to measure the electrode potential of one half-cell without connecting it
to another. Reduction occurs in one half-cell, while oxidation occurs simultaneously in
the other. For this reason, a standard hydrogen electrode has been used to determine the
comparative electrode potentials of other half-reactions — this is then referred to as their
standard electrode potentials.

The standard hydrogen electrode

The value of the standard electrode potential for different half-cells has been experimentally
determined using the standard hydrogen electrode as a reference. To develop the scale,

this half-cell was arbitrarily assigned an electrode potential of 0.00 volts under standard
conditions. Other half-cells were then measured against the standard hydrogen electrode to

ISBN 978-1-009-22984-5 Drummond et al
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Voltage

the amount

of electrical
potential that
exists between
two points

Potential
difference

a difference

in the amount
of energy that
the valence
electrons

have in atoms
of different
reactants used
in galvanic cells.
The greater

the potential
difference,

the greater the
voltage produced

Standard
electrode
potential

the amount of
voltage that can
be produced
by a half-cell,
with reference
to the standard
hydrogen
electrode

Standard
hydrogen
electrode

the hydrogen
half-cell
consisting

of hydrogen
gas, H,(g),
and hydrogen
ions, H*(aq).

It is used as

a reference
against which
the standard
electrode
potentials for all
other half-cells
are determined
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Electrochemical
series

series of
reduction half-
cell reactions
and their
corresponding
standard
electrode
potentials

in order of
strongest
oxidising agent
to weakest
oxidising agent
listed on the
left-hand side

Standard cell
potential

the theoretical
amount of
voltage that a
galvanic cell
can produce
under standard
conditions; also
referred to as
electromotive
force (emf)

ISBN 978-1-009-22984-5

determine their comparative values. In the standard 25°C

hydrogen electrode,.hydrogen gas, H,(g), is bubbled Ha(g) 100kPa ( M

around an inert platinum electrode at a pressure of pressure ——

100 kPa. As shown in Figure 3D-2, the electrode ) [

sits in an aqueous solution of 1 M H*(aq) ions. The
reaction for the half-cell can be written as:

2H*(aq) + 2e” = H,(g)

The electrochemical series ;fglt?gdrg —{ W ——
The electrochemical series shown in Table 3D-1 Bubbles — é: :g?;a

on the opposite page is a list of reduction half- of hydrogen 1 M H*(aq)
reactions in order of strongest oxidising agent gas U y
to weakest oxidising agent, listed as the species Figure 3D-2 The standard hydrogen

on the left-hand side of the half-equation. It also
includes the standard electrode potential for each
reduction half-reaction. The most positive value is associated with the strongest oxidising
agent, at the top of the table. The electrochemical series allows us to not only predict which
reduction and oxidation reactions will occur in a galvanic cell, but also the magnitude of the
voltage, or standard cell potential, that a particular galvanic cell can produce. This voltage
may also be referred to as electromotive force, or emf, and is measured in volts.

electrode

Calculating cell potential
Consider the zinc—nickel galvanic cell

shown on the right in Figure 3D-3. A b”'dge

Oxidation is occurring in the zinc half-

cell, while reduction is occurring in the

nickel half-cell. 1 BB [ 298K ) i [

The two half-reactions occurring in the
galvanic cell have been highlighted below
in a small section of the electrochemical - —
series. It is vital to remember that these 1 M Zn*(aq)
are both represented as reduction ~—
reactions, and the electrode potential
shown is the value for the forward
reduction half-reaction. This will be the
half-reaction listed highest on the electrochemical series. However, at the anode, oxidation
is taking place, not reduction, so this half-reaction must be reversed. Whenever a reaction
is reversed, the sign for the value of the standard electrode potential must also be reversed.
The oxidation reaction will be the one listed lowest on the electrochemical series, as shown:

e — -

2+
1 M Ni<H(aq)

Ni2+(aq) + 2e~ — Ni(s)
Figure 3D-3 A zinc—nickel cell

Zn(s) — Zn2+(aq) + 2e~

Reaction Standard electrode potential (E°)

in volts at 25°C

-0.25
-0.76

Ni*(aq) + 2e~ = Ni(s)
Zn?*(aq) + 2e- = Zn(s)

With the zinc half-cell reaction reversed, the reactions occurring in the zinc—nickel galvanic
cell can be represented as follows:

Ni?*(aq) + 2e”~ — Ni(s)
Zn(s) — Zn%**(aq) + 2e”

E®%=-0.25volts
E% = +0.76 volts

Reduction at the cathode:

Oxidation at the anode:

Drummond et al
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Table 3D-1 The electrochemical series

Reaction Standard electrode potential (E°)
in volts at 25°C
F,(g) + 2~ = 2F(aq) +2.87
H,0,(aq) + 2H*(aq) + 2~ = 2H,0(l) +1.77
Aut(aqg) + e~ = Au(s) +1.68
Cl,(g) + 2e~ = 2Cl(aq) +1.36
0,(g) + 4H*(aq) + 4e~ = 2H,0(1) +1.23
Br,() + 2e~ = 2Br(aq) +1.09
Ag*(aq) + e~ = Ag(s) +0.80
Fe3t(aq) + e = Fe?*(aq) +0.77
0,(g) + 2H*(aq) + 2e~ = H,0,(aq) +0.68
I,(s) + 2e~ = 2I(aq) +0.54
0,(g) + 2H,0() + 4e~ = 40H" (aq) +0.40
Cu?*(aq) + 2e~ = Cu(s) +0.34
Sn*(aq) + 2e” = Sn?*(aq) +0.15
S(s) + 2H*(aq) + 2e~ = H,S(g) +0.14
2H*(aq) + 2 = H,(g) 0.00
Pb2*(aq) + 2e~ = Pb(s) -0.13
Sn?*(aq) + 2e” = Sn(s) -0.14
Ni%*(aq) + 2e~ = Ni(s) -0.25
Co?*(aq) + 2e~ = Co(s) -0.28
Cd?*(aq) + 2e~ = Cd(s) -0.40
Fe2*(aq) + 2e~ = Fe(s) -0.44
Zn?*(aq) + 2e- = Zn(s) -0.76
2H,0(1) + 2e” = H,(g) + 20H~(aq) -0.83
Mn?*(aq) + 2e~ = Mn(s) -1.18
AR*(aq) + 3e~ = Al(s) -1.66
Mg2*(aq) + 2e~ = Mg(s) -2.37
Na*(aq) + e~ = Na(s) -2.71
Ca?*(aq) + 2e~ = Ca(s) -2.87
Kt(aqg) + e~ = K(s) -2.93
Lit(aq) + e~ = Li(s) -3.04

© VCAA 2020 Chemistry Examination Data Book

NOTE

Strong reducing agents:
are located towards the bottom and on the right-hand side of the electrochemical series.
donate electrons more readily.
have weak conjugate oxidising agents.
usually undergo oxidation.
Strong oxidising agents:
are located towards the top and on the left-hand side of the electrochemical series.
accept electrons more readily.
have weak conjugate reducing agents.
usually undergo reduction.
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TA

FEATURES OF
ELECTROLYTIC
CELLS

VIDEO
WORKED
EXAMPLE 3D-1

To determine the overall cell potential, or voltage, that can be produced by the zinc—nickel
cell from page 112 under standard conditions, simply add the two standard electrode
potentials together:

—0.25 + (+0.76) = +0.51 volts

A positive value obtained for the cell potential indicates that the reaction is spontaneous,
which is expected in a galvanic cell. This is useful to remember when performing
calculations of cell potentials. A negative value would mean that the electrochemical cell is
an electrolytic cell, not a galvanic cell. Electrolytic cells are covered further in Section 7A.

NOTE

The values should only be added together if the half-equation and standard electrode potentials
are reversed for the anode half-reaction.

A useful way to calculate the cell potential directly from the electrochemical series, without
reversing equations and values, is to use the following rule:

E° E°

Reduction reaction Oxidation reaction

EO

cell =

In Figure 3D-3, notice that the reduction half-equation for nickel appears higher up in the
electrochemical series, compared to the oxidation reaction for zinc. This will be true for
ALL galvanic cells. This is another alternative way to remember which electrode potential
should be subtracted from the other when calculating cell potentials in galvanic cells, as in
the following rule:

Eocell =E°

_ o
Higher half-reaction E Lower half-reaction

NOTE

As well as stressing the importance of always including units, it is essential to note that the value
for cell potential is directional, and the positive or negative sign must always be written in front
of the value to indicate this.

Worked example 3D-1: Calculating the standard cell potential for a galvanic cell

Calculate the standard cell potential for the galvanic cell consisting of a Sn(s)/Sn?*(aq)
half-cell and a Fe(s)/Fe?*(aq) half-cell.

Solution

Step 1 | Identify the two relevant half-reactions | Referring to Table 3D-1:

in the electrochemical series. Sn(s)/Sn2+(aq): -0.14
Fe(s)/Fe’*(aq): -0.44
Step 2 Recall that the tOp reaction will Eocell = EOReduction reaction EOOxidation reaction

proceed in the forwards direction, as EO
reduction. The bottom reaction will
occur in reverse, as oxidation.
Substitute the values into the equation.

Step 3 | Write the cell potential value, making | +0.30 volts
sure to include units (volts).

-0.14 - (-0.44) = +0.30

cell —
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Check-in questions — Set 1

1 Explain the difference between standard cell potential and standard electrode potential.
2 Using the electrochemical series shown below, identify which of the labelled species (in
red text and with the asterisk next to them) is:

a the strongest oxidising agent ¢ the strongest reducing agent
b the weakest oxidising agent d the weakest reducing agent.
Reaction Standard electrode potential (E°)

in volts at 25°C
F,(g) + 2e- = 2F(aq) +2.87
H,0,(aq) + 2H*(aq) + 2~ = 2H,0(1) +1.77
*1'Aut(aq) + e- = Au(s) +1.68
Cl,(g) + 2e” = 2CI(aq) +1.36
O,(g) + 4H*(aq) + 4~ = 2H,0(1) +1.23
Br,(I) + 2e” = 2Br(aq) +1.09
*| Ag*(aq) + e~ = Ag(s) +0.80
Fe3*(aq) + e = Fe?*(aq) +0.77
0,(g) + 2H*(aq) + 2e~ = H,0,(aq) +0.68
I,(s) + 2e” = 2I(aq) +0.54
0,(g) + 2H,0() + 4~ = 40H" (aq) +0.40
*| Cu?*(aq) + 2e~ = Cu(s) +0.34
Sn*(aq) + 2e~ = Sn?*(aq) +0.15
S(s) + 2H*(aq) + 2e~ = H,S(g) +0.14
2H*(aq) + 2 = H,(g) 0.00
Pb?*(aq) + 2e~ = Pb(s) -0.13

3 Calculate the standard cell potential using the electrochemical series for a galvanic cell
consisting of Au*(aq)/Au(s) and Ag*(aq)/Ag(s) half-cells.

Predicting redox reactions in galvanic cells

The electrochemical series can be used to help identify whether a reaction will occur

spontaneously. For a reaction to occur, the oxidising agent must be located /Zigher on the

left-hand side of the series, compared to the reducing agent, which must be located lower

and on the right-hand side of the series. If the species are not positioned in this way, no

reaction will occur.

VIDEO

Worked example 3D-2: Predicting whether a redox reaction will occur WORKED
EXAMPLE 302

Consider the following three equations that appear in the same order in the
electrochemical series:

Pb%*(aq) + 2e” = Pb(s) E°=-0.13V
Ni**(aq) + 2e- = Ni(s) E°=-0.25V
Cd**(aq) + 2e- = Cd(s) E°=-0.40V

Predict whether a reaction will occur between the following species.
a Pb?*(aq) and Cd(s)

b Pb%**(aq) and Cd**(aq)

¢ Ni**(aq) and Pb(s)
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@ CHAPTER 3 GALVANIC CELLS

Solution

a Pb?*(aq) is the oxidising agent, as it is the species highest on the left-hand side and
Cd(s) is the reducing agent, as it is located lower on the right-hand side. As such they

will undergo a spontaneous reaction.

b No reaction will occur, since both species are oxidising agents and are both located
on the left-hand side of the electrochemical series.

¢ No reaction will occur, since Ni?*(aq), as the oxidising agent on the left-hand side is
lower than Pb?*(aq), which is the reducing agent, located higher on the right-hand side.

Identifying reactions using the
electrochemical series

The half-equations occurring in a galvanic cell are
not always provided. However, if all the species
present are known, the electrochemical series can
be used to identify the half-reactions occurring, to
then determine the overall redox reaction and to
calculate the cell potential for a given combination
of reactants. On the electrochemical series, the
species that is highest on the left-hand side of the
electrochemical series will undergo reduction.
The species that is lowest on the right-hand side
will undergo oxidation, meaning the reaction on
the electrochemical series for this half-reaction
must be written in reverse.

VIDEO

is reduced

SRR

reacts with

is oxidised

Reducing

agent

Figure 3D-4 On the electrochemical series,
a spontaneous redox reaction takes place
between the oxidising agent located higher
on the left-hand side and the reducing
agent located lower on the right-hand side.

WORKED Worked example 3D-3: Identifying reactions using the electrochemical series

EXAMPLE 3D-3

Consider a galvanic cell consisting of a Ag(s)/Ag*(aq) half-cell and a Pb(s)/Pb?*(aq)

half-cell.

a Identify the strongest reducing agent and oxidising agent.
b Write the half-reactions occurring at the anode and cathode.

¢ Calculate the standard cell potential.
d Write the overall equation for the cell.

Solution

Step 1 | Use the electrochemical series to Agt(aq) + e- = Ag(s) E%=+0.80
highlight the four species present. Pb2*(aq) + 26~ = Pb(s) E°=-0.13

side will be the strongest oxidising
agent, and as such will undergo
reduction. In this example, silver
ions, Ag* are the strongest oxidising
agent. The species lowest on the
right-hand side will be strongest
reducing agent, and as such will
undergo oxidation. In this example,
solid lead, Pb(s) is the strongest
reducing agent.

Step 2 | The species highest on the left-hand |a Strongest oxidising agent: Ag*(aq)

Strongest reducing agent: Pb(s)
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3D USING THE ELECTROCHEMICAL SERIES @

Step 3

Write the equations for reduction and
oxidation, remembering to reverse

the oxidation reaction, which is the
lower of the two. It is important to

note the use of correct arrows when
writing these half-equations. The
electrochemical series represents
each reduction half-equation with
equilibrium arrows because it can be
reversed, depending on what else it is
reacting with. However, when writing
half-equations for a particular cell, a
critical part of what we are predicting is
the direction in which these reactions
will occur, and hence the use of a solid
forward arrow is appropriate.

b Agt(aq) + e = Ag(s)
E9=+0.80

Pb(s) — Pb2%*(aq) + 2e~
E%=40.13

Step 4

To determine the cell potential, the
values in Step 3 can be added,
since the oxidation reaction and its
standard electrode potential have
been reversed.

Alternatively, the values can be
substituted straight into the following
equation from the electrochemical
series.

¢ +0.80 + (+0.13) = +0.93 volts

0 _ _
E cell — Reduction reaction Oxidation reaction

EO  =+0.80 - (-0.13) = +0.93 volts

cell —

Step b

Write the overall equation by
balancing electrons and combining
the half-equations. In this example,
there are two electrons in the oxidation
half-equation but only one electron

in the reduction half-equation, which
consequently needs to be doubled.

Now that the number of electrons is
the same on each side, the electrons
can be cancelled to leave the full
redox equation.

2 x (Agt(aq) + e~ — Ag(s))

2Agt(aq) + 26 — 2Ag(s)
Pb(s) — Pb2*(aq) + 2&~
2Ag*(aq) + Pb(s) — 2Ag(s) + Pb?*(aq)

Step 6

Add the cell potential value to the
overall equation, making sure to
include units (volts).

d 2Ag*(aq) + Pb(s) — 2Ag(s) + Pb2*(aq)
F° = +0.93 volts

NOTE

The standard electrode potential indicates the potential for a reaction to occur - it is never

multiplied when calculating cell potentials.
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@ CHAPTER 3 GALVANIC CELLS
Check-in questions — Set 2

1 Consider the four reactions highlighted in the electrochemical series:

Reaction Standard electrode potential (E©) in volts at 25°C

Ni%*(aq) + 2e~ = Ni(s) -0.25

Fe’*(aq) + 2e~ = Fe(s) -0.44

Mn2*(aq) + 2e- = Mn(s) -1.18

Mg?+(aq) + 2e~ = Mg(s) -2.37
Predict whether a spontaneous reaction would occur between the following species.
a Mn?*(aq) and Mg(s) d Fe?*(aq) and Ni(s)
b Mg?*(aq) and Fe(s) e Fe(s) and Mn(s)

¢ Ni?*(aq) and Mn(s)
2 Consider a galvanic cell consisting of a Co(s)/Co?*(aq) half-cell and a Al(s)/Al**(aq)
half-cell.
a Identify the strongest reducing agent and oxidising agent.
b Write the half-reactions occurring at the anode and cathode.
¢ Calculate the standard cell potential.
d Write the overall equation for the cell.

Limitations of the electrochemical series

Recall that the electrochemical series was derived using standard laboratory conditions. This
means that unpredictable things may occur when a galvanic cell is placed under conditions
that vary significantly from SLC. Sometimes a different reaction may take place, or there may
in fact be no reaction at all, even if a reaction is predicted to occur spontaneously. Changing
the temperature from 25°C or using solutions that have a concentration different to 1 M, may
result in different reactions taking place. The increased concentration of one particular ion
may mean that it reacts instead of the ions predicted on the electrochemical series. This can
be seen when the electrode potential values, E°, are close together.

One final consideration is that the electrochemical series does not provide any indication
of the reaction rate. Sometimes reactions may be predicted to occur, but they may do so
very slowly. Sometimes reactions may be taking place at such a slow rate that they appear
not to react, even though the electrochemical series predicts that a reaction is taking place.

58 For example, observing a galvanic cell for 20 minutes may not be sufficient time to observe

FACTORS products of reactions being formed or other changes expected in the half-cells. You will
AFFECTING study rates of reaction more in Section 5B.
REACTION RATE

Sometimes, as well as the same species appearing in multiple positions on the electrochemical
series, some half-reactions may also include multiple species. Two examples of this are
shown below where there are hydrogen ions, H*(aq) shown as part of the half-reaction. This
indicates that for the reaction to proceed, there must also be a suitable supply of hydrogen
ions, which would usually mean using an acidic solution. It is important to consider all species
when predicting whether reactions will occur, but also when predicting what the products of
UNIT 2 a particular galvanic cell may be. Measuring pH changes or using acid—base indicators may be
one additional way to detect whether a reaction is taking place.

Table 3D-2 Examples of half-reactions with multiple species

Reaction Standard electrode potential (E°) in volts at 25°C

H,0,(aq) + 2H*(aq) + 2e~ = 2H,0(1) +1.77
0,(g) + 4H*(aq) + 4e~ = 2H,0(1) +1.23
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3D USING THE ELECTROCHEMICAL SERIES @

3D SKILLS

Predicting reactions with more than one type of ion present VIDEO 3D-1

g : g g g SKILLS:
In some galvanic cells, electrodes can be inert, in which case they are not considered PREDICTING
when trying to predict the reactions occurring. Similarly, solutions in each half-cell IF\(AE)L}?CETIT(I)-:\;\?\IV(\;EE
may contain more than one type of reactive ion. In such cases, it is important to TYPE OF ION
remember redox reactions will only occur between the strongest oxidising agent in the PRESENT

reduction half-cell and the strongest reducing agent in the oxidation half-cell. If there are many ion species
present, only two will react, and the rest will be considered to be spectator ions.

Some species appear more than once on the electrochemical series on both the left-hand side and right-
hand side of the series. When predicting reactions, all occurrences of each species must be considered to
accurately identify the strongest reducing agent and strongest oxidising agent.

Further consideration should also be given regarding what would happen in a galvanic cell where one of
these ions is completely used up by the reaction. If one completely reacts, the next strongest species will
start to react, provided there is another species available. There would be a decrease in the amount of
voltage produced, but it is important to recognise that whenever other species are present, the reaction
may not simply ‘stop’.

The example below highlights a type of question where more than one type of ion is present, as well as the
worked solution for this example.

Question

A galvanic cell consists of one half-cell with an inert platinum, Pt(s), electrode in a 1 M solution of
Cu’*(aq), Zn?**(aq) and Ni**(aq) ions. The other half-cell has a solid iron electrode, Fe(s), in a 1 M solution
containing iron(Il) ions, Fe?*(aq).

a Identify the strongest reducing agent and oxidising agent.
b State which electrode is the anode, and which is the cathode.
¢ Write the half-reactions occurring initially at the anode and cathode.
d Calculate the standard cell potential.
e Explain what you would expect to observe at the cathode over time.
Solution
Logic Process
Step 1 | Use the electrochemical series to Ag(aq) + e~ = Ag(s) +0.80 | [ Pb2(aqg) + 2e~ = Pb(s) -0.13
highlight all the reactive species Fe3(aq) + e~ = Fe?*(aq) +0.77 | | Sn?*(aq) + 2e~ = Sn(s) -0.14
present. It is often useful to highlight 0,(g) + 2H*(aq) + 2™ = +0.68 | | Ni“*(aq) + 2e~ = Ni(s) -0.25
. ) H,0,(aq)
the species present in one half-cell |7 2 = 2raa) +0.54 | | Co?*(ag) + 2~ = Cols) 028
differently from those in the other. | [0, +2H,00) + 4e = 040 | [CdP*(aq) + 2¢~ = Cd(s) ~0.40
This can make it easier to identify 402H’ (aq) .
. . . Cu?*(aq) + 2e~ = Cu(s) +0.34 | | Fe?f(aq) + 2e = Fe(s) -0.44
the I’e.dUCtIOI’l an,d oxidation Sn**(aq) + 2e” = Sn?*(aq) +0.15 | | Zn?*(aqg) + 2e~ = Zn(s) -0.76
reactions that will take place. S(s) + 2H*(aq) + 2e~ = H,S(g) | +0.14 | | 2H,0() + 2e~ = H,(g) + 20H(aq) | -0.83
The species highest on the left-hand | [2H*(aq) + 2e” = H,(g) 0.00
side of a reaction arrow will be the o 5
strongest oxidising agent. a strongest oxidising agent: Cu<*(aq)
: : strongest reducing agent: Fe(s)
The species lowest on the right- & gae
hand side of a reaction arrow will be
the strongest reducing agent.
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@ CHAPTER 3 GALVANIC CELLS

Step 2 | To identify the cathode, apply the b Anode: Fe(s)
‘happy red cat’. Given that the iron Cathode: Pt(s)
electrode is the strongest reducing
agent, undergoing oxidation, it
must be the anode. Therefore, the
strongest oxidising agent, copper
ions undergo reduction in the other
half-cell, where platinum is the
electrode, the cathode must be
platinum.
Step 3 | Having identified the strongest ¢ Reduction: Cu?*(aq) + 2e~ — Cu(s)
oxidising agent, Cu**(aq) and Oxidation: Fe(s) — Fe?*(aq) + 2e~
strongest reducing agent, Fe(s),
use the electrochemical series
to write the equations for each
species, remembering to reverse the
oxidation reaction, being the lower
of the two.
Step 4 | Substitute the values Straight into d EOceII = EOReduction reaction EOOxidation reaction
the following equation from the EO = +0.34 — (-0.44) = +0.78 volts
electrochemical series. cel
Step 5 | Write your explanation of what At the cathode:
you would expect, given the cell Initially copper ions, Cu?*(aq) would be reduced to solid
potential. copper, Cu(s). This would appear as a thin coating on
the surface of the platinum electrode. The mass of the
electrode would be increasing. Over time, all the copper
ions may react. At this point, the next strongest oxidising
agent present in the half-cell solution would be nickel
ions, Ni¢*(aq), which would be reduced to solid nickel,
Ni(s). This would create another thin layer on the platinum
electrode, over the top of the copper layer and would result
in a further increase in mass of the electrode. During this
time, the cell potential would be reduced to +0.19 volts.
EO, =-0.25 - (-0.44) = +0.19 volts

Once all of the nickel ions have reacted, the reaction would cease to produce any electrical energy since the
remaining ions at the cathode are zinc ions, Zn?*(aq), and these occur lower on the electrochemical series
than the strongest reducing agent, which is still Fe(s).

Section 3D questions

1 A galvanic cell consists of Cu?**(aq)/Cu(s) and Sn**(aq)/Sn(s) half-cells.
a Write the reduction and oxidation half-equations.
b Write the overall cell equation.
¢ Calculate the standard cell potential.
d Identify which half-cell is the cathode, and which is the anode.
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3D USING THE ELECTROCHEMICAL SERIES @

2 Draw a labelled diagram of a galvanic cell made from a hydrogen half-cell, H*(aq)/H,(g)
and a zinc half-cell, Zn?*(aq)/Zn(s) with a salt bridge soaked in KNO,. Include:

half-reactions for each half-cell

anode and cathode

polarity of each electrode

direction of electron flow

direction of cation and anion flow

overall reaction
g cell potential.

3 State whether the following reactions would take place. For those where there is a
reaction, write the balanced equation.

a silver ions, Ag*(aq), being mixed into a 1 M solution of hydrogen peroxide, H,O,
b copper ions, Cu**(aq), being mixed into a 1 M solution of hydrogen peroxide, H,O,
¢ chlorine gas, Cl,(g), being bubbled through a 1 M solution of hydrogen
peroxide, H,O,
d solid copper placed into a 1 M solution of hydrogen peroxide, H,O,.

4 A galvanic cell consists of one half-cell with an inert carbon C(s) electrode with a 1M
solution of Pb?*(aq), Sn?*(aq) and Co?*(aq) ions. The other half-cell has a solid zinc
electrode, Zn(s), in a 1 M solution containing zinc ions, Zn**(aq).

a Identify the strongest reducing agent and oxidising agent.

b State which electrode is the anode, and which is the cathode.

¢ Write the half-reactions occurring initially at the anode and cathode.
d Calculate the standard cell potential.

e Explain what you would expect to observe at the cathode over time.

5 A student uses the electrochemical series to create a galvanic cell in their school
laboratory that is predicted to undergo a spontaneous reaction. Suggest two reasons why
they may not observe any changes, even after several minutes.

- 0O QO 0 T o
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Chapter 3 review

Summary

Create your own set of summary notes for this chapter, on paper or in a digital document. A model
summary is provided in the Teacher Resources and can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to: Linked questions

3A.1 Define ‘redox’ in terms of reduction, oxidation and electron transfer 1801

3A.2 Explain what a redox reaction involves 181

3A.3 Define and identify ‘reducing agent’ and ‘oxidising agent’ 1801

3A.4 Assign oxidation numbers to elements in compounds and ions in 18]
chemical equations and use these numbers to identify reactions
as redox

3A.5 Use oxidation numbers to identify conjugate redox pairs 1801

3B.1 Write and balance simple and complex half-equations for oxidation 1801
and reduction reactions

3B.2 Write and balance overall redox equations, including states, in 190
acidic conditions

3B.3 Write and balance overall redox equations, including states, in 1901
basic conditions

3B.4 Write and balance half-equations by identifying redox couples in 1801
overall equations

3C.1 Recall and explain the importance of the key design features of 110
galvanic cells

3C.2 Identify, name, draw and label features of galvanic cells 6], 130

3C.3 Identify the chemical processes involved in primary galvanic cells, 10
including the type of redox reaction occurring at each electrode

3C.4 Identify the direction of electron flow and ion flow in galvanic cells 201,700

3C.5 Write the half-equation for the reaction occurring at each electrode 160
in a galvanic cell

3C.6 Write the overall equation for a galvanic cell 170

3C.7 Describe the importance of separating two half-cells to facilitate 120

the transformation of chemical energy to electrical energy in a
galvanic cell

3C.8 Explain the role of inert and reactive electrodes and electrolyte 1401
solutions in the reactions taking place in a galvanic cell

3D.1 Apply information presented in the electrochemical series 8], 140]
to questions
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3D.2

3D.3

3D.4

3D.5

Predict whether certain combinations of reactants will produce
electrical energy in a galvanic cell

Compare the relative strengths of reducing agents and

oxidising agents

Predict the products, and therefore the overall equation, of a redox
reaction in a galvanic cell

Use the electrochemical series to calculate the maximum cell voltage
generated under standard laboratory conditions

30,40

100]

8]

507,907, 1501

Multiple-choice questions

1 Identify the correct statement. In a galvanic cell

A
B
C
D

cations flow from the salt bridge to the anode.
electrons are produced at the cathode.
oxidation occurs at the cathode.

chemical energy is converted to electrical energy.

2 Identify the incorrect statement. In a galvanic cell

A
B
c
D

reduction occurs at the cathode.
cations flow from the salt bridge to the cathode.
electrons flow from the cathode to the anode.

the polarity of the anode is negative.

3 Which of the following combinations would not react?

A
B
c
D

cadmium ions, Cd?**(aq), and solid iron, Fe(s)
calcium ions, Ca?*(aq), and solid iron, Fe(s)
cobalt ions, Co?*(aq), and solid iron, Fe(s)

copper ions, Cu?*(aq), and solid iron, Fe(s)

4 Identify which one of the following would react with solid iron, Fe(s), but not react with solid
lead, Pb(s).

A
B
c
D

nickel ions, Ni?*(aq)
aluminium ions, Al**(aq)
copper ions, Cu**(aq)

chlorine gas, Cl,(g)

5 What is the standard cell potential when an iron half-cell (Fe*(aq)/Fe?*(aq)) is connected to a
chlorine half-cell (Cl,(g)/Cl (aq))?

A

B
c
D
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6 Select the correct statement for the galvanic cell shown below.

(n)
O/
Salt bridge
Fe electrode Fe electrode
1 M Fe(NO3), 1 M AgNO3
4 - -

A Electrons flow from the Ag electrode to the Fe electrode.
B The mass of the Ag electrode increases.
C The Ag electrode will be the anode.
D The polarity of the Fe electrode is positive.
7 In a galvanic cell, the flow of electrons is from the
A reducing agent to the oxidising agent through the salt bridge.
B oxidising agent to the reducing agent through the salt bridge.
C anode to the cathode through the external circuit.

D cathode to the anode through the external circuit.

8 Some galvanic cells are made using four half-cells (W/W?*, X/X?*, Y/Y?* and Z/Z?*) set up
under standard conditions. Using the information about the combinations shown, what is the
order of cell potential, E, in order from highest to lowest?

X(s) + W?*(aq) — X**(aq) + W(s)
Z(s) + X*>*(aq) — No Reaction
Y(s) + Z**(aq) — No Reaction
W(s) + Z**(aq) = W?*(aq) + Z(s)
AY>Z>W>X

B X>Z>W>Y
CY>W>Z>X

D X>W>Z>Y

9 A galvanic cell potential consists of two connected half-cells. Identify which combination below
would be expected to result in a cell potential of 1.08 V.

A | Ni electrode with Ni(NO,), | Al electrode with AI(NO,),
B | Al electrode with AI(NO,), | Ag electrode with AgNO,
C | Co electrode with Co(NO,), | Ag electrode with AgNO,
D

Ni electrode with Ni(NO,), | Co electrode with Co(NO,),
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10 The diagrams below show combinations of galvanic cells made from four half-cells (W/W?*,
X/X2+, Y/Y?* and Z/Z?*) set up under standard conditions. Use the polarity of each electrode
shown to identify the order of half-cells, from highest E° value to the lowest.

(n) (n)
e L @ e N ®
Salt bridge Salt bridge
X(s)  Z(s) H Y(s)
l W2+(aq) X2+(aq) I 72+(aq) Y2+( aq) |
S ™ ®
Salt bridge

Y(s) H W(s)
I Y2+(aq) I W2+aq)

A W2IW, X2 X, Y2)Y, Z2)Z
B X2t/X, W2 /W, Y?*/Y, Z**|Z
C Z>/Z,Y*?/Y, X*/X, W* /W
D X*/X,Y?*/Y, Z2*/Z, W /W

Short-answer questions
11 Explain the difference between the internal and external circuit of a galvanic cell. (2 marks)
12 In a galvanic cell, one of the key design features is the separation of half-cells.

a Explain the importance of this separation in terms of energy conversions. (2 marks)

b Explain the role of the salt bridge in allowing for the separation of half-cells. (2 marks)

13 Draw a diagram of the galvanic cell containing a chlorine half-cell (Cl,(g)/Cl~(aq)) and a copper
half-cell (Cu?*(aq)/Cu(s)). Chlorine gas is supplied to the electrode.

a On your diagram, label the following: (6 marks)
* anode and cathode
* polarity of each electrode
¢ direction of electron flow

¢ direction of ion flow from the salt bridge (assuming KCl is the electrolyte).

b Write the half-reaction occurring at the anode and cathode. (2 marks)
¢ Write the overall equation. (1 mark)
d Calculate the cell potential. (1 mark)
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14 Zinc strips are placed into 1 M solutions of Cu(NO,),, AI(NO,),, Pb(NO,), and Mg(NO,),.
Using the electrochemical series, predict which solutions would result in a different metal
coating being deposited on the surface of the zinc strip. (2 marks)

Cu?*(aq) + 2e~ = Cu(s) +0.34 | | Cd?*(aq) + 2e~ = Cd(s) -0.40
Sn**(aq) + 2e- = Sn?*(aq) +0.15 | | Fe?*(aq) + 2e~ = Fe(s) -0.44
S(s) + 2H*(aq) + 2e- = H,S(g) | +0.14 | | Zn?*(aq) + 2e~ = Zn(s) -0.76
2H*(aq) + 2e” = H,(g) 0.00 2H,0(1) + 2 = H,(g) + 20H(aq) | -0.83
Pb?*(aq) + 2e~ = Pb(s) -0.13 Mn2*(aq) + 2e~ = Mn(s) -1.18
Sn2*(aq) + 2e” = Sn(s) -0.14 | | AP*(aq) + 3e~ = Al(s) -1.66
Ni¢*(aq) + 2e~ = Ni(s) -0.25 | | Mg?*(aq) + 2e~ = Mg(s) -2.37
Co?*(aq) + 2e~ = Co(s) -0.28

15 Consider the different combinations of four unknown species, W, X, Y and Z, and their
respective ions shown in the three equations below.

X**(aq) + Y(s) = Y?*(aq) + X(s)
W2 (aq) + X(s) = W(s) + X**(aq)
Z**(aq) + W(s) = Z(s) + W?*(aq)

a Identify the relative position of each species on the electrochemical series ordering them
from highest E° value to lowest. (3 marks)

b State which of the species listed is the strongest reducing agent and which is the strongest
oxidising agent. (2 marks)

16 A representation of the Daniell cell is shown below.

[}

Direction of electron flow

Zn electrode : Salt bridge _ - Cu electrode
- -
1.0 M Zn?*(aq) 1.0 M Cu?*(aq)
a State two features of this cell that allow chemical energy to be converted to usable
electrical energy. (2 marks)
b State the polarity of each electrode. (1 mark)
¢ State which electrode is the cathode. (1 mark)
d Write the half-equation for the reaction occurring at the cathode. (1 mark)
e State the direction of electron flow. (1 mark)
f The electrolyte used in the salt bridge is KNO,. State which ion would migrate
to the anode. (1 mark)
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g Calculate the cell potential using the electrochemical series. (1 mark)

h List two visible changes that you expect to observe after the cell has been operating
for some time. (2 marks)

17 The diagram below shows an incomplete galvanic cell.

()

&
Mg (s) Ag (s)

- -
MgS0g4(aq) AgNOs(aq)

a Identify the missing component in this cell diagram. (1 mark)
b Determine whether electrons travel towards the magnesium or silver electrode. (1 mark)
¢ Write the half-equations occurring in each half-cell. (2 marks)
d Write the overall reaction occurring in the cell. (2 marks)
e Calculate the standard cell potential. (1 mark)

18 Look at the following reaction between iron(III) oxide and carbon monoxide:
Fe,O,(s) + 3CO(g) — 2Fe(s) + 3CO,(g)

a Rewrite the reaction above in your workbook, then assign oxidation numbers to

each of the elements present in the reaction. (1 mark)
b Using the terms ‘redox’, ‘reduction’, ‘oxidation’ and ‘electron transfer’, explain

why this reaction is an example of a redox reaction. (4 marks)
¢ Identify both the reducing agent and oxidising agent in this reaction. (2 marks)

Write balanced half-equations for the reduction and oxidation reactions
occurring. (2 marks)

19 The following chemical equation shows the redox reaction between solutions of
sulfite ions and permanganate ions.

SO,*"(aq) + MnO, (aq) — SO,*(aq) + Mn?**(aq)

a Write the half-equations and the balanced overall equation for this redox reaction

under acidic conditions. (3 marks)
b Write the reduction half-equation for the conversion of permanganate ions into
manganese ions under alkaline (basic) conditions. (1 mark)
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CHAFTER FUEL CELLS

Introduction

Fuel cells are already used to provide clean, quiet and efficient energy and are LI:EEEDUCTIUN
likely to continue to be developed further as a means of meeting our future FUEL CELLS
energy needs. Globally, there are rockets, buses and cars already using fuel

cells to power them. It is likely that this means of energy production will

become more prominent, as fossil fuels are phased out and technology continues to
develop, allowing for cheaper, more sustainable and renewable ways to generate the
reactants used in fuel cells. In this chapter, you will discover how fuel cells operate and
explore many of the key design features that allow for efficient and safe storage, as well
as how they are a key component in helping to meet the future energy needs of society.

Curriculum

Area of Study 1 Outcome 1
What are the current and future options for supplying energy?

Study Design: Learning intentions — at the end of the
chapter | will be able to:

e The common design features and general 4A Fuel cells
operating principles of fuel cells, including 4A.1 Compare the similarities and
the use of porous electrodes for gaseous differences between galvanic cells and
reactants to increase cell efficiency (details fuel cells
of specific cells not required) 4A.2 Identify and describe the common

e Contemporary responses to challenges and design features of fuel cells
the role of innovation in the design of fuel 4A.3 Explain the importance of key design
cells to meet society’s energy needs, with features in terms of reaction efficiency
reference to green chemistry principles: 4A.4 Describe green chemistry principles
design for energy efficiency and use of that enhance the sustainability of fuel
renewable feedstocks cells, including the use of renewable

feedstocks
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Study Design:

e The application of Faraday’s Laws and
stoichiometry to determine the quantity of
galvanic or fuel cell reactant and product,
and the current or time required to either
use a particular quantity of reactant or
produce a particular quantity of product

129

Learning intentions — at the end of the
chapter | will be able to:

4B
4B.1

Faraday’s laws

Determine the stoichiometric

relationship between the quantity of

reactant or product and electrons

represented by half-equations in the

electrochemical series

Calculate the amount of current or

time required for a galvanic or fuel cell

to produce a given amount of electric

charge using Faraday’s laws equations

Calculate the amount of reactant used

or product formed during reactions

occurring in a galvanic or fuel cell I
using Faraday’s laws equations o

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

Glossary
Ampere

Biogas

Biomass

Catalytic electrode

Coulomb
Current
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Electric charge
Faraday’s constant
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Fuel cell
Gasification

Porous electrode
Renewable feedstock
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CONCEPT MAP

Concept map

4A Fuel cells
Features of fuel cells and
sustainability and environmental
considerations

Excess ___|
H, <« oo

Anode | Cathode
Electrolyte

4B Faraday’s laws
Calculations of quantities using
these laws and stoichiometry

1 M Zn?*(aq)
~—

Zn(s) — Zn2*(aq) + 2e~ Ni2+(aq) + 2e~ — Ni(s)

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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4A FUEL CELLS @

Fuel cells

Study Design: Glossary:

e The common design features and general operating Biogas
principles of fuel cells, including the use of porous Biomass
electrodes for gaseous reactants to increase cell Catalytic electrode
efficiency (details of specific cells not required) Fuel cell

e Contemporary responses to challenges and the Gasification
role of innovation in the design of fuel cells to meet Porous electrode
society’s energy needs, with reference to green Renewable feedstock

chemistry principles: design for energy efficiency
and use of renewable feedstocks

@ ENGAGE

Fuel cell electric vehicles

Electric cars are becoming more and more common, such as those made by Tesla. Tesla
make battery-powered vehicles, in which the battery stores up energy (via charging) that
is then used to power the electric motor. Another type of electric car is also available: the
fuel cell electric vehicle (FCEV). In FCEVs, such as the Toyota Mirai and Hyundai Nexo,
hydrogen and oxygen combine in the fuel cell to generate electricity. Compared

to batteries, which take considerable time to charge, FCEVs can be refuelled in less than
four minutes. They can also travel further on average than battery-powered vehicles,
which is often one of the main reasons people are reluctant to switch to electric cars.

So why are FCEVs so much less popular? One of the biggest problems is that of
infrastructure. While hydrogen fuel cells have had plenty of success in powering non-
consumer engines, such as those of space shuttles and aircraft, their use in daily life is
limited by the need for vehicle refuelling stations to be common and easily accessible.
Currently, it is simply too costly and difficult to implement such infrastructure
compared to battery-charging stations. If hydrogen could be more readily available, and
sourced renewably, FCEVs could become much more common.

Figure 4A-1 A hydrogen fuel cell sign on a car (left); a hydrogen refuelling station (right)
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@ CHAPTER 4 FUEL CELLS

5i

3C
FEATURES OF

GALVANIC CELLS

Fuel cell

a type of
electrochemical
cell that
produces
electrical energy
from chemical
energy, requiring
a continuous
supply of
reactants

1C
COMMERCIAL
ELECTROLYTIC
CELLS

VIDEO 4A-1
HOW DO FUEL
CELLS WORK?
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EXPLAIN

Fuel cells

Fuel cells work in a similar way to other types of galvanic cells (which were discussed in
Section 3C), using spontaneous reactions to convert chemical energy into electrical energy.
Unlike primary galvanic cells, which eventually reach a state of equilibrium and no longer
produce electrical energy, fuel cells are a type of galvanic cell that do not store the reactants
in the cell. Instead, the reactants must be supplied from an external source. The huge
advantage of this i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>