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LEARNING DISCOVERY

CHEMICAL
EQUILIBRIUM SYSTEMS

There are chemical reactions in this world that are able to go forwards and
backwards; products can be made and then broken down to their original reactants
at the same time. When the forward and reverse reactions occur at the same

rate, the reaction reaches what we call equilibrium. Equilibrium reactions are all
around us, like the process that allows us to transport oxygen around our body.
Understanding how these reactions work and how we can influence them allows us
to be more efficient.
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CHAPTER

Science research
DC

Phattana Stock/Shutterstock.com

SCIENCE INQUIRY SKILLS

SYLLABUS Throughout the course of study, students will:
DOT POINTS - identify, research and construct questions for investigation

propose hypotheses and/or predict possible outcomes

design investigations, including the procedure/s to be followed, the materials required,
and the type and amount of primary and/or secondary data required to obtain valid and
reliable evidence, e.g.

- consider replicates, sample size, number of data points and quality of sources

- identify the types of errors, extraneous variables or confounding factors that are
likely to influence results and implement strategies to minimise systematic and
random error

identify and implement strategies to manage risks, ethics and environmental

impact, e.g.

— cultural guidelines, protocols for working with the knowledges of First Nations peoples
- material safety data sheets

— workplace health and safety guidelines

DC-2 NELSON QCE CHEMISTRY UNITS 3 &4 9780170483544



— appropriate disposal methods
- standard operating procedures
- acknowledgement of sources and referencing

use appropriate equipment, techniques, procedures and sources to systematically and
safely collect primary and secondary data, e.g.

- laboratory and field techniques: measurement, and equipment calibration
- |ICTs, scientific texts, databases, simulations, online sources

use scientific language and representations to systematically record information,
observations, data and measurement error, e.g.

symbols, units and prefixes
tables, graphs and diagrams

indicators of measurement uncertainty and state measurement uncertainties as
arange (+) to an appropriate precision, e.g. when adding or subtracting, the final
answer should be given to the least number of decimal places, when multiplying or
dividing, the final answer should be given to the least number of significant figures

identify that concentration can be represented in a variety of ways including, but not
limited to, mol L', g L=" and ppm and that square brackets can be used to denote
concentration.

- logbooks

translate information between graphical, numerical and/or algebraic forms, e.g.
- units and measurement conversions

- ratios and percentages

- symbols and notation

use mathematical techniques to summarise data in a way that allows for identification
of relevant trends, patterns, relationships, limitations and uncertainty, e.g.

- mean
gradient analysis
scatterplots (with maximum and minimum trendlines and R?)

propagate random error in data processing to show the impact of measurement
uncertainties on the final result

apply simple treatment of error analysis, e.g. for functions such as addition and
subtraction, absolute uncertainties should be added, for multiplication, division and
powers, percentage uncertainties should be added

calculate the measurement uncertainties in processed data, including the use of

+Hx - x
absolute uncertainties of the mean {Formula: AX = M] and percentage

. ) absolute uncertainty _ 100
uncertainties (Formula: percentage uncertainty (%) = 8DSOle tncertainty —]

measurement 1
calculate the percentage error, when the experimental result
can be compared with a theoretical or accepted result (value)

o measured value — true value| _ 100
Formula: percentage error (%) = |———————————— | X —

true value 1

discriminate between absolute uncertainty and percentage error

9780170483544 CHAPTERDC | SCIENCE RESEARCH DC-3



select and construct appropriate representations to present data and communicate
findings, e.g.

— summary tables
— apply appropriate graphical representations to analyse data and draw conclusions

analyse data to identify trends, patterns and relationships; recognising error, uncertainty
and limitations of evidence

discriminate between precision and accuracy

- identify that all measurements have limits to their precision and accuracy that must
be considered when evaluating experimental results

identify that quantitative data obtained from measurements is associated with
random error/measurement uncertainties

select, synthesise and use evidence to construct scientific arguments and draw
conclusions

extrapolate findings to determine unknown values, predict outcomes and evaluate claims

use data and reasoning to discuss and evaluate the validity and reliability of
evidence, e.g.

- discuss ways in which measurement error, instrumental uncertainty, the nature of
the methodology or other factors influence uncertainty and limitations in the data

evaluate information sources and compare ideas, information and opinions
presented within and between texts, considering aspects such as acceptance, bias,
status, appropriateness and reasonableness

- compare findings to theoretical models or expected values
- discriminate between validity and reliability

suggest improvements and extensions to minimise uncertainty, address limitations and
improve the overall quality of evidence, e.g.

- analyse the impact of random error/measurement uncertainties and systematic
errors in experimental work and determine how these errors/measurement
uncertainties can be reduced

discriminate between random and systematic errors

identify that experimental design and procedure usually leads to systematic errors
in measurement, which causes a deviation in a direction and that repeated trials and
measurements will reduce random error but not systematic error

communicate to specific audiences and for specific purposes using appropriate
language, nomenclature, genres and modes

acknowledge sources of information and use standard scientific referencing
conventions

appreciate the role of peer review in scientific research.
Chemistry 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024
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Introduction

Conducting structured experiments is an important part of science because it allows for the
gathering of information to help develop a greater appreciation and understanding of the world.
Performing research on scientific topics and the process of developing and implementing

experimental methods form a large part of the scientific studies and formal internal
assessment throughout this course. In fact, the Student Experiment (IA2) and Research
Investigation (IA3) make up a significant portion of the internal assessments, incorporating
both primary and secondary data. Furthermore, the scientific thinking acquired through these
processes is regularly examined in the External Assessment. As such, it is important to
develop these skills not just for this course, but also to improve critical thinking.

9780170483544 CHAPTERDC | SCIENCE RESEARCH DC-5



research question a
question that directs the
scientific inquiry activity;
it focuses the research
investigation or student
experiment, informing
the direction of the
research, and guiding

all stages of inquiry,
analysis, interpretation
and evaluation

DC-6

ASSUMED KNOWLEDGE

v

The purpose of experiments is to collect information about a key idea or to answer
a question.

Controlled experiments have a general structure.

Variables are factors or conditions that can be changed, controlled or measured and
which can influence the result of an investigation.

Variables include independent, dependent and controlled variables

The data collected from an experiment needs to be related to the question being
investigated.

Data collected from an experiment can be presented in different ways depending on the
nature of the data.

Data can be classified as primary or secondary.

LEARNING OUTCOMES

Develop research questions.

Identify the importance of peer review in scientific research and compare different ideas
and information from scientific texts.

Plan and modify investigations, including the materials and methods needed to collect
valid and reliable data (both primary and secondary data).

Consider safety, ethics and the environment when conducting scientific investigations.
Determine the best method to present data; for example, tables and graphs.

Use scientific language and visual representations to organise and present

information accurately.

Identify and minimise errors in measurements.

Calculate uncertainties and other measures of data accuracy and describe their impact
on data.

Select and construct the most appropriate data presentation technique.

Make predictions based on trends observed in the data.

Use mathematical techniques to analyse data to find patterns, trends and relationships,
taking into account any limitations or sources of error or uncertainty.

Draw conclusions based on evidence, comparing findings to expected results.
Communicate scientific information in a clear and appropriate manner for different
audiences, while acknowledging sources and using proper referencing techniques.
Reflect on investigations and suggest ways to improve the quality and accuracy of data
and findings.

Student experiment

Forming
The research question

For your Student Experiment (IA2), you will be required to design an experiment to answer a
research question related to a topic in the syllabus. In science, the design of experiments is

guided by the scientific method (Figure DC.1.1) - a systematic and structured approach that
ensures that the results are objective, accurate and reliable.

NELSON QCE CHEMISTRY UNITS 3 &4

9780170483544



becomes background
research for future

becomes background
research for future

studies studies
1 1
I |
| |
1 |
\ !
\ /
\ /
\ /
/
/
/

FIGURE DC.1.1 The basic structure of the scientific method

A research question is the question you are trying to answer with your research, and by
doing so helps to guide and refine the research and experimental method. For example, a
research question could be ‘How does a fever of more than 38°C affect the function of enzymes
in the body?’

Rationale

When developing a research question, it is important to demonstrate an understanding of the
underlying theory related to the topic. This is described in the rationale of your experiment
and is also implied through your research question. In the example above, the research
question explores the relationship between enzymes and temperature. Given that it is known
that the function of enzymes can be affected by changes in temperature, exploring the impact
of an increase in temperature (because of a fever) expands our understanding of enzymes.

With an understanding of the topic, it is likely that you have developed a possible answer to the
research question. As you know, this is the hypothesis. The hypothesis highlights the relationship
between the independent variable and the dependent variable, showing the directional impact
that one would have on the other. A possible hypothesis to the example above is ‘As the temperature
of the fever increases, enzyme function would be reduced’. In this case, the independent variable is
the change in temperature and the dependent variable is the level of enzyme function, which can
be measured by the amount of product produced over time.

independent variable the
variable that is purposely
changed or manipulated

in an experiment

dependent variable the
variable that changes
due to changes to the
independent variable

9780170483544 CHAPTERDC | SCIENCE RESEARCH DC-7



qualitative data
information that is not
numerical in nature

quantitative data
numerical information

Methodology

For your experiment, you will need to modify an existing method from previous experiments.
During your research, you may have encountered various studies conducted by scientists who
were interested in investigating a similar topic. These studies can serve as a valuable foundation
for you to build on and refine your own approach. How and what you modify in the experiment

will depend on:

the variables you are testing
sources of error and bias in the previous method

the type of data being collected (quantitative or qualitative)

how many data points you will need to collect to ensure that there is sufficient data for analysis
access to resources.
Once you have your base experiment (which could be one that you completed in class),
you will be required to make some modifications to design your own student experiment. A
modification may be one of three types (Table DC.1.1).

TABLE DC.1.1

Types of modifications that can be implemented for the Student Experiment (I1A2)

Type of Explanation
modification

Refine

To improve by
making subtle
changes to the
accuracy or
precision of the
data

Make improvements
without changing
the independent or
dependent variables.

Use equipment with a
higher level of precision.
Improve the methodology
or way of measuring the
independent variable.
Change the sample size.

Redirect

To gain further
insight by changing
the course or
direction of the data

+ Change the
independent variable.

Measure pH instead of
temperature.

Use a different species.
Use different chemicals.

Extend

||||I&

N
(3,1

Iﬁl|l|l|

N
o
I"
7
N
o
N
3

To change or
extend the scope
of the current data
range

+ Change the range
of the independent
variable.

+ Extend the range of

independent variables.

Use more concentrations
of solution.

Use more sample
categories or data
ranges.

Although you will not need to write your entire methodology in your experiment, it
is important that you can justify the modifications that you made. For example, if you
decided to refine an experiment by using a digital thermometer instead of an analogue

V Incorrect reading due to parallax
h& Correct reading — no parallax

A Incorrect reading due to parallax

FIGURE DC.1.2 How to read measurements from a

measuring cylinder

DC-8
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thermometer, you could justify this by saying that
your refinement will improve the accuracy of your
data collection because the digital thermometer has a
smaller uncertainty and removes human error and/or
that it has greater precision.

Having the right equipment is important; however,
misreading the measuring instruments leads to inaccurate
results. For example, when reading the volume of a liquid
in a measuring cylinder, the measurement must be taken
at eye level and measured from the bottom of the meniscus
(Figure DC.1.2).

9780170483544



When collecting and recording data, ensure that it is measured in the appropriate units.
For example, the concentration of solutions can be measured in different units such as gL,
mol L™ or ppm (parts per million). However, this will depend on the nature of the experiment.
Since there are different units to express the same measurement, you will often need to
convert between units, especially when analysing results. Table DC.1.2 shows common unit
conversions.

TABLEDC.1.2 Common unit conversions

Measurement Common conversions

Distance 1km=1000m=100000cm=1000000mm
Mass 1kg=1000g=1000000mg
Volume 1L=1000mL=1000cm?

Essentially, any modifications to the methodology are done to improve the reliability of data
and validity of the experiment. Although you will not need to show your full methodology, you
will need to explain and justify any modifications and refinements in your final presentation of
your experiment.

If the proposed experiment involves exploring knowledges of First Nations peoples, it
is extremely important to understand all the cultural guidelines and protocols involved in
conducting such research. For example, the Australian Institute of Aboriginal and Torres
Strait Islander Studies (AIATSIS) published the Code of Ethics for Aboriginal and Torres Strait
Islander Research outlining the principles that underpin ethical Australian Indigenous
research to help guide research that impacts on or is of significance to Aboriginal and
Torres Strait Islander peoples.

Finding
Health and safety

Health and safety are important considerations for practical

Science investigation risk assessment for

al
o‘:

Weblink
Ethical research

Resource
Risk assessment

exercises in all sciences. When undertaking your own practical Nelson Science 10 feNelelMindTap
research investigations, you must consider any relevant f“*‘“‘e" — : ‘
workplace health and safety guidelines. In Queensland, this [ ame ctteschrtechican_{ Vear veticiass }
ln(:ludes the Work Health and SafetyACt 2011. As the researCher’ ame o'l;oak reference. Nelson Science 10, Chapter 1, Module 1.2, downloadable/PDF science
you must ensure safe laboratory practices when planning and BT S—( & Stuser sty
escription of activi Students sort out chromosomes into an ordered karyogram.
conducting investigations by using risk assessments, supported
by material safety data sheets (MSDSs), and accounting for Equipment
; . . A Equipment to be used Potential hazards Control measures/safe handling
risks. MSDSs are important when you are using chemicals e [geema S
as part of your investigation. This includes both the use and : Seissors 5 Fadaton 0 e s gos
. . . « Blank sheet of paper B Sharps ignage
the disposal of any potentially harmful materials used and D P 0 ety s
produced in your experiment. Even if your research does not D Sravy - o magnets
use chemicals but requires participants to take some actions S— __Chemicals e
. . . handling
that may cause harm, you will still need to complete a risk oo O B & PR [= T
. . . O Flammable @ [ Chronic health 0 Fume cupboard
assessment form (Figure DC.1.3). Your school is likely to 0 oidsing & hazarcs & 0 safety s

conduct your experiment. If you are unsure of the ethical,
environmental, or health and safety aspects of your experiment,

[ Gases under pressure &> |[1 Health hazards > |1 Safety glasses
O Environmental © O Lab coat

have one of these documents for you to complete when you 0 Corose & 0 omer

O Gloves
O Limit
concentration/quantity

O Other -

check with your teacher. Not only are the risks inherent in the
equipment to be identified, but the steps to reduce or manage
the risk need to be stated.

FIGURE DC.1.3 A section of a risk assessment form
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primary data data
collected directly by a
person or group

logbook a complete,
permanent record of

how an experiment or
research project was
conducted; it shows what
was done at every step
along the way

Any risks that you identify need to be highlighted in your experiment, including the steps to
mitigate these risks (Figure DC.1.4).

1.4 Management of risks

The overall experiment was given a low—medium risk due to several safety hazards. An over-heating
power supply may cause melting to outer-plastic and can shut down - affecting connected outlets to
the supply (Hill 2021). Consequently, the power supply was shut off every 2 minutes and was placed
over a heat-resistant mat to eliminate heat-transfer and to allow a risk-free 8V supply. Furthermore,
many power cables were connected to walls, computers and other equipment throughout the
procedure, hence a safety hazard for potential “trips and falls” in the laboratory-safety-procedure
section (Safety 2013). Thereby, chairs were placed over all wires - to caution to anyone in near
premises.

FIGURE DC.1.4 An example of the inclusion of risks in an experiment

Apart from highlighting any potential dangers, another way to reduce the risk of injury and
improve safety is to clearly outline the procedures in the experiment. This also includes the
proper use and disposal of any materials involved in the experiment. This can be referred to as
the standard operating procedures of an experiment.

Ethics

Ethics is a guiding framework that all research investigations must follow. Ethical concepts
provide moral guidance for making decisions about the design and implementation of a research
investigation. Examples of ethical concepts are shown in Table DC.1.3.

TABLE DC.1.3 Descriptions of different ethical concepts

Beneficence Having a commitment to do good for others (and minimise risk and harm)
Integrity Acting with honesty and transparency
Justice Ensuring fair distribution of benefits, risks, costs and resources

Non-maleficence | Avoiding harm or ensuring that potential harm is outweighed by benefits

Respect Respecting individual differences and ensuring the right to autonomy
and choice

You must apply your ethical understanding throughout your study of science, particularly
for your own research.

Analysing data

The primary data collected in the experiment should be first organised into a raw data
table. When constructing these tables, the independent variable is usually expressed in the
first column and the dependent variables from the trials in the experiment are placed in
the subsequent columns. For example, when measuring the time taken for a current to pass
through a solution of different concentrations, the different concentrations (the independent
variable) are presented in the first column, and the time measurements (dependent
variable) are presented in subsequent columns (Table DC.1.4). It is often suggested that
you record everything in your logbook; however, this is not a mandatory component of
your investigation.
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TABLE DC.1.4 An example of a table of raw data from an experiment

Concentration Time (0.5 s)
o)
0.2 359.5 368.5 364.5
0.4 360.0 345.5 327.5
0.6 325.5 339.5 333.5
0.8 343.5 307.0 327.5
1.0 307.0 339.5 326.5

QCAA Chemistry 2019 v1.3 IA2 high-level annotated sample response August 2018 © State of Queensland (QCAA)

Asshown in Table DC.1.4, the units for each measurement are included in the column headings.

Once the data has been collected, the next step is to analyse it. As part of this, we need to
make a judgement on the quality of the data in terms of:

« accuracy

» precision

« reliability

- validity

« sources of error.

It is important to note that each senior subject has different and specific forms of
mathematical analysis. What is appropriate for one type of data in one subject may not
be appropriate for another. For example, calculated means and uncertainties might be
appropriate for a Chemistry or Physics experiment, but mean and standard deviations might
be more appropriate for Psychology or Biology experimental data. The following information
is a general overview of the types of analysis you could undertake, but it is best to check that
the type of analysis you choose is appropriate for your data.

Accuracy and precision

In science, the accuracy of a measurement is how close it is to the true value of the quantity
being measured. Even when the true value is unknown, scientists can rely on the best
available accepted value to compare with the experimental measurement to determine its
accuracy. Often the accepted value is the theoretical value calculated for the measurement.
A way to help indicate the accuracy of a measurement is to calculate percentage error.
Percentage error shows us how close the measured value is to the true or accepted value:

measured value —true Value| x@
true value | 1

Percentage error (%) =

A low percentage error indicates a high degree or accuracy, whereas a high percentage error
indicates a low degree of accuracy.

KEY FORMULA
Percentage error

. measured value —true value| 100
Percentage error (%) = X ——
true value |71
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accuracy the degree to
which a measurement
conforms to the correct
value; depends on the
measuring instrument
being used

accepted value the

value of a substance

or quantity that is
universally agreed as
being a best estimate
due to multiple and highly
accurate measurements

percentage error the
difference between a
measurement result
and an accepted
value, expressed as
a percentage of the
accepted value
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WORKED EXAMPLE DC.1.1

A student used a ruler to measure the height of a 100 mL beaker. These beakers are known to have a height of
7.2 cm. The measured value was 6.8 cm.
Calculate the percentage error of the measurement.

ANSWER

1 Determine the measured and true values.
Measured value: 6.8 cm
True value: 7.2 cm

2 Substitute and calculate the percentage error.

x100

6.8 -7.2
Percentage error = [———|

=5.6%

This suggests that the measurement is slightly lower than the true value.

precision a measure In contrast, precision describes how close a set of measured values are to each other. For
of how close a number

of independent single measurements, precision is about the level of detail given by the measurement. For
measurements of the example, 0.3 g is less precise than 0.312g. As you can see, some measuring instruments are more
same quantity are to precise than others. This can be due to the:

each other
« technology used in the device

+ quality of components
« resolution
+ scale.

The ability to measure precise results is important because it can affect the reliability and
uncertainty of data. Uncertainty will be discussed in further detail later in this chapter. It is
important to note that measurements that are precise are not necessarily accurate (Figure DC.1.5).

Actual, target or
A reference value

Accuracy

Probability density

\4

Value

&—Precision—>

FIGURE DC.1.5 A graph showing the difference between accuracy and precision

Figure DC.1.6 helps further distinguish between accuracy and precision. In parts a and c, the
individual indication values cluster closely around the mean, whereas parts b and d show imprecise
measurement results because the individual measured values spread significantly around the mean.

For example, for an individual experiencing a fever, having precise measurements of body
temperatures of 32.1°C, 33.2°C and 32.0°C does not mean that this is an accurate measure of their
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FIGURE DC.1.6
imprecise, (c) inaccurate and precise or (d) inaccurate and imprecise.

body temperature. We know this because humans have a core body temperature of approximately
37.0°C and fevers cause body temperature to increase, not decrease.
To improve the accuracy of measured values, you could:
« conduct multiple trials and average the results
« ensure that all variables except for the independent variable are controlled (also referred to
as fair testing)
« ensure that the measuring tools used in the experiment are appropriate for what is being
measured.
This helps to minimise the impact of any errors in the experiment that could affect the
accuracy of the measured results. Errors will be discussed in more detail in a later section.

Reliability

If an experiment is repeated, you would expect to obtain very similar results. When this happens,
we say that the experimental results are reliable. However, this is not always the case because
errors can affect the data collected. Reliability can be measured with uncertainty and standard
deviation, concepts that will be described in more detail in a later section. Reliability of results
can be improved by carefully controlling all variables apart from the independent variable. We
will discuss other factors affecting reliability later in this section.

Validity

The quality of the data affects the validity of an experiment. We describe data as being valid if
the result is due to the independent variable only and can answer the research question. In our
example with measuring the effect of temperature on enzyme function, if variabilities in pH in
the environment are not properly controlled, they can also affect enzyme function. As a result,
we cannot confidently conclude that the results measured from the experiment are due to the
changes in temperature only. This type of variable is known as an extraneous variable and
can affect the relationship between the dependent and independent variables. In this example,

9780170483544
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In a plot of measured values versus reading, results can be: (a) accurate and precise, (b) accurate and

reliability the extent

to which the results

of assessments are
consistent, replicable and
free from error

validity the extent to
which the experiment
measures what it is
intended to measure

extraneous variable
any variable that is not
directly related to the
experiment but could
affect the results of the
experiment

DC-13



confounding variable a
variable that is related
to the independent and
dependent variables

error the difference
between a measured
value and true value

random error a

variation that affects

a measurement in a
random way so that
successive measured
values may reflect small
changes from each other

mean the average value
of a set of values

KEY FORMULA

Mean

sum of measured values

Mean =

pH is a specific type of extraneous variable known as a confounding variable because it
relates to both the independent and dependent variables. This is why it is important to ensure
that all variables other than the independent variable are controlled.

Apart from extraneous variables, errors can also affect the results of an experiment. The
two main types of errors are random and systematic errors.

Errors

Random errors are unpredictable variations that can occur during measurement. When
taking multiple readings of the same thing, random measurement errors cause small
variations so that you end up recording a spread of readings. These errors affect the precision
of a measurement and can be caused by limitations of measuring instruments. The effect of
random errors can be reduced by making more or repeated measurements and calculating the
mean (or average). To calculate the mean:

sum of measured values
Mean =

total number of measurements taken

The mean value is then regarded as the most likely or best
estimate of the true value; however, we cannot be certain that it is
the true value.

While random errors affect the precision of data, systematic
errors affect the accuracy of a measurement. These errors cause

total number of measurements taken

systematic error an
error that acts to give a
consistent offset in data;
e.g. consistently above
or consistently below
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the readings to differ from the true value by a consistent amount in
the same direction. This can occur when measuring instruments
are not properly calibrated, so readings differ from the true value
by the same amount. Systematic errors can also be caused by observational error if there is
a consistent distortion in the way we view things that causes errors that are the same every
time. For example, a tall person may read a thermometer from a higher viewpoint and record
a lower measure than the true value every time. To minimise the impact of systematic errors,
it is important to know how to use measuring tools properly and to calibrate them before use.
Figure DC.1.7 highlights the differences between random and systematic errors.

Types of errors
|

{ )

Personal errors
Mistakes, miscalculations,
and observer errors

Measurement errors

They should not be included in
the reporting or analysis of data.

\f \)

Random errors
Unpredictable variations that
occur during measurement.

Systematic errors
Consistent (or proportionate)
variations in the measurement

They affect the precision of a RIOCESS

measurement. They affect the accuracy of a

measurement.

FIGURE DC.1.7 The key differences between random and systematic errors

9780170483544



Uncertainty

While systematic errors can be accounted for by subtracting or adding the value of the
error, random errors contribute to the uncertainty of a measurement. This reflects the
lack of exact knowledge of the true value of the measurement. All measurements are subject
to uncertainty because there are many sources of variation. For example, instrumental
uncertainty in measuring tools can result in variability and imprecision of results due to
factors such as sensitivity, calibration and resolution. To minimise the effect of instrumental
uncertainty, itisimportant to calibrate tools, ensure that the appropriate tools and techniques
are used, and consider any limitations when designing the experiment. Uncertainty can
also occur because of the way the person taking the reading interacts with the tool.

Errors and uncertainties can sometimes be quantified. We can estimate the uncertainty of
a measurement, which is usually expressed as * a certain value. This is known as absolute
uncertainty.

Absolute uncertainty of repeated measurements

Most experiments require you to take multiple measurements. As mentioned above, doing
so and averaging the results can help to reduce the effect of random errors. Imagine taking
multiple measurements of your body temperature. The values are 35.6°C, 36.1°C, 35.9°C and
36.4°C. The difference between the maximum and minimum values is called the range. The
absolute uncertainty is calculated as the halfway point between the maximum and minimum
values, or half of the range:

n maximum — minimum
B 2
+ 36.4 — 35.6

2
= 104°C

Absolute uncertainty

The measurement result would be the mean of the values:

35.6 +36.1+ 359+ 36.4
4

Mean = KEY FORMULA

= 36.0°C
The reported value includes both the mean and the absolute
uncertainty. In this example, the reported value would be

Absolute uncertainty

uncertainty the range of
values for a measurement
result, taking account

of the likely values that
could be attributed to

the measurement result
given the measurement
equipment, procedure and
environment

instrumental uncertainty
the inherent limitations
and potential errors
associated with the
measuring instruments
or tools used in
scientific experiments or
observations

absolute uncertainty
the magnitude of the
difference between the
observed/measured
value and the true value

range the difference
between the maximum
and minimum values of
a measured confidence
interval

+ maximum — minimum

Absolute uncertainty = £
36.0+0.4°C. In other words, the actual value could lie anywhere

between 35.6°C and 36.4°C.

Absolute uncertainty of single measurements/device details

For analogue devices, the uncertainty is normally determined as half of the smallest division
on the scale. For example, a glass thermometer with graduations of 1°C has an uncertainty
of £0.5°C.

With digital devices, the uncertainty is normally defined as the smallest division because
we cannot see in between divisions as we can in an analogue device. For example, a digital
thermometer that measures in 1°C has an uncertainty of £1°C. One limitation of this calculation
is that it does not indicate the direction of the error; we do not know if we overestimated
or underestimated.

Percentage uncertainty

Absolute uncertainty can be used to calculate percentage uncertainty. Percentage uncertainty
is calculated relative to the measured quantity, and is calculated by:

. absolute uncertainty 100
Percentage uncertainty (%) = X —
measured value 1

9780170483544
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2

percentage uncertainty
a measure of the
uncertainty of a
measurement compared
with the size of the
measurement, given as a
percentage
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KEY FORMULA

Percentage uncertainty

Percentage uncertainty (%) =

A lower percentage uncertainty indicates a more
precise measurement, whereas a high percentage
uncertainty indicates that the measurement is less
precise because of greater variability.

Once data has been processed in this way, a table
canbe presented thatalso includes these measurements
of uncertainty (Table DC.1.5).

absolute uncertainty o 100
measured value 1

TABLE DC.1.5 An example of a summary table showing measurements of uncertainty
Potential difference (+0.05 V) Mean Absolute
Trial 1 Trial 2 Trial 3 potential uncertainty of
difference (V) | mean (zV)

Cathode
metal

Voltaic
cell

B(s) 2.25 2.40 2.20 2.28 0.10
C(s) 1.30 1.28 1.37 1.32 0.45
D(s) 3.11 3.15 3.04 3.10 0.55

QCAA Chemistry 2019 v1.4 IA1 sample assessment instrument August 2018 © State of Queensland (QCAA)

Significant figures

Once uncertainty has been calculated, results need to be quoted with the appropriate significant

figures.

The following steps can be used to determine the significant figures of a single value.

1. Reading a value from left to right, start counting significant figures at the first non-zero
number. For example, for a measurement of 0.024 307 g, the first significant figure is 2. In
this case, the first two zeros are not considered significant.

2. Every number after the first significant is deemed as significant, including any zeros. In
0.024307 g, there are five significant figures.

These rules apply even when numbers are expressed in scientific notation. If the above
example was expressed as 2.4307 x 102g, then the first significant figure is still 2 and every
number thereafter is considered significant.

WORKED EXAMPLE DC.1.2

A student measured the mass of a sample to be 0.0103 g. Determine the number of significant figures in this value.

ANSWER

1 Identify the first non-zero digit.
Reading from left to right, the first significant number is the first non-zero number. According to this rule, the
first significant figure in this value is 1.

2 Count the number of figures in the value that is considered significant.
There are two significant figures 0 and 3 after the first significant figure. As such, there are three significant
figures in this value.

DC-16 NELSON QCE CHEMISTRY UNITS 3 &4

When measurements are used to calculate a final value, the numbers and operations to
arrive at the final answer contribute to the significant figures of the final answer.
1. For addition and subtraction, the final answer needs to be expressed to the least number of
decimal places. For example, when adding the length of two pencils of 10.5 and 9.42cm, the
final answer should be expressed to 1 decimal place, 19.9cm.
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2. For multiplication and division, the final answer needs to be expressed to the least number
of significant figures. For example, if we needed to calculate the percentage of sugar in a
50.0g sample given that there is 2.4 g of sugar present:

2.4
Percentage = — x 100
50.0

=4.8% sugar

Because 2.4 has the least number of significant figures (two), the answer is expressed to
two significant figures. For multistep questions, retain the appropriate number of significant
figures at each step, where the final answer should be expressed based on the final step.

WORKED EXAMPLE DC.1.3

A student performed the following calculation using experimental data:

527.11-232.3
54
Determine the number of significant figures that the answer should be expressed in.

ANSWER
1 Identify the order of the steps involved in this calculation.
The calculation would be performed in the following order:
i 52711-2324
ii Answer from stepi+ 5.4
2 Identify the number of significant figures in the each step.
i 4. Sinceitis a subtraction calculation, we need to express the answer to the least
number of decimal places.
ii 2. Sinceitis a division calculation, we need to express the answer based on the
number with the least significant figures (5.4)
3 Determine the number of significant figures for the final answer.
Two

Graphs

Although tables can be an effective way to collect and
record data, it is difficult to visualise any trends or
relationships between the independent and dependent Title
variables. Presenting data in graphical form makes it N
easier to identify if any trends exist between the variables.

Many different types of graphs can be used to represent
data; for example, column graphs, pie charts, scatterplots and

-axis =
line graphs. Choosing the right graph depends on the nature dﬁpeﬁ'dem
of the data collected and what you are trying to show. For variable

graphs that involve an x-axis and a y-axis, the independent
variable is represented by the x-axis and the dependent
variable is represented by the y-axis (Figure DC.1.8).

It is also important to choose an appropriate scale when
drawing graphs because it helps to ensure that the data is
represented in a way that can be easily interpreted. It also
avoids misleading representations that imply inaccurate FIGUREDC.1.8  The positive quadrant of cartesian plane
relationships between data. All graphs need to have a title S CECIE) 1E VENELS 35 [E ITESE R S 11228 ELUS A 7671

that outlines the information being presented.

\ %4

x-axis = independent variable
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Pie charts

Pie charts are best used to show parts of a whole and the percentage composition of each
different category. For example, pie charts can be used to show the composition of a mixture of
air - nitrogen, oxygen and other gases - and the percentage of each (Figure DC.1.9).

Nitrogen 78%

N

0
- Oxygen 21%

Carbon dioxide
0.04%

AN

Other gases
(mostly argon 0.96%)

FIGURE DC.1.9 A pie graph representing the composition of air

A limitation with pie charts is that they become visually cluttered when there are many
different categories.

Column graphs

Column graphs are useful when comparing quantities or

The eight most common elements in different categories or groups (Figure DC.1.10).
Earth’s crust

These types of graphs are preferred for comparing
categories or to show changes over time, or when
comparing the differences between groups.

Line graphs

Line graphs are ideal when showing trends over time for
continuous data, particularly when comparing multiple
series over the same period. Inline graphs, each data point
is connected to the next and the relationship between the
two variables can be represented as the equation:

Percentage (%)

y=mx+c

where: m = the gradient
¢ =they intercept.

For example, the calibration curve measuring the
absorbance of light based on concentration of a solution
can be represented by a linear graph as shown in
Figure DC.1.11. If using Excel to draw these graphs, it is

Element sometimes useful to use the x,y scatter plot.
The gradient is a useful piece of information that helps
to describe the relationship between the independent and
FIGURE DC.1.10 A column graph showing the differences dependent variables. For linear relationships, the gradient
in mineral composition of Earth's crust of the slope helps to identify the nature of the relationship
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A\ 4

FIGURE DC.1.11 A line graph showing absorbance at different concentrations

between the independent and dependent variables. To calculate the gradient of a linear graph,
m, where the equation is y = mx + c:
Gradient (m) = LY
Determining the gradient in this way only requires two data points, where the difference in
the y values is divided by the difference in the x values of the same two points. Depending on
the value of the gradient, a:
« positive gradient (Figure DC.1.12a) indicates that as the x value (independent variable)
increases, so does the y value (dependent variable)
« negative gradient (Figure DC.1.12b) indicates that as the x value (independent variable)
increases, the y value (dependent variable) decreases
« gradient of zero (Figure DC.1.12c) indicates that as the x value (independent variable)
increases, there is no change in the y value (dependent variable). As such, there is a constant
relationship between the two variables.

a N b AN c AN

N\

N
A4
N
N4
N
Vv

e

N\ N\ \Z
Positive Negative Zero

FIGUREDC.1.12 Linear graphs with (a) a positive gradient, (b) a negative gradient and (c) zero gradient

Analysing the gradient for non-linear relationships is a bit more complicated and requires
us to calculate the gradient of different tangents at specific points along the graph and compare
the changes.
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Scatterplots

Scatterplots are similar to linear graphs in that they show individual data points, highlighting
the relationship between the independent and dependent variables. However, unlike line graphs,
the data points in scatterplots are not connected (Figure DC.1.13).

80
70 4 o

60 °

50 o o

40 - [ [

Temperature (°C)

30

20

10

A\ 4

Time (s)

FIGURE DC.1.13 A scatterplot of changes in temperature over time

Although the points in a scatterplot are not connected, the way the data points are organised
trendline a line that relative to each other can identify a relationship between the variables. Trendlines can be drawn
L‘eif;;sig:t;tg: t?;r:]eg’f" through or near the datapoints to help make the relationship between the independent and dependent
data points variable more visible (Figure DC.1.14) while also showing the strength of this relationship.

Temperature (°C)

20

10

\ %4

Time (s)

FIGURE DC.1.14 A scatterplot of changes in temperature over time including a trendline (red)

Although it’s possible to draw trendlines manually, it is more accurate to use software to draw
trendlines. When manually adding trendlines, the line should be drawn so that it minimises the
distance between the line and the data points.

If a trend does exist, we can often easily identify whether it is positive (or positive correlation)
or negative (negative correlation). In a positive trend, the dependent variable increases as the
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independent variable increases (Figure DC.1.15a), whereas in a negative trend, the dependent
variable decreases as the independent variable increases (Figure DC.1.15b).

N\ 4
\ %4
Vv

Positive correlation Negative correlation Zero correlation

FIGURE DC.1.15 Scatterplots with trendlines showing (a) a positive trend, (b) a negative trend and
(c) zero trend

Maximum and minimum trendlines are visual representations of the strength of the
relationship between the variables (Figure DC.1.16). A wider range between the two suggests a
greater variability of uncertainty in the data, whereas a narrow range suggests a lower variability
in the measured values. Analysing maximum trendlines and minimum trendlines together
can help us predict the potential range of outcomes. For example, using trendlines to forecast
temperature changes as a result of emissions can help us predict and prepare for worst-case
scenarios. Maximum and minimum trendlines can also help identify potential errors in the
experiment. Values that fall significantly outside the area between the maximum and minimum
trendlines suggest an outlier that may be due to a random error.

A scatterplot with maximum and minimum trendlines

N
100
01 y=9875x - 0875
80 = 8.1346x + 4.53
70 ¥=6275x + 13725
8 60-
=
g 504
>
40-
30- Key
20 A Maximum trendline
B Minimum trendline
10
0 T T T T T T T T T T >
0 1 2 3 4 5 6 7 8 9 10

x values

FIGURE DC.1.16 An example of a scatterplot that includes a maximum and minimum trendline

Greater variability in certain areas of the graph may also suggest error. For example, when
measuring the rate of a reaction at different temperatures, it may be evident that there is a
large variability in the rate of the reaction at higher temperatures. This could imply an error in
temperature control at higher temperatures.

A common strategy used to draw a maximum trendline involves drawing a line from the
bottom of the error bar of the starting data point to the top of the error bar of the last data
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maximum trendline

a trendline with the
greatest gradient that fits
within the data within the
uncertainty values

minimum trendline

a trendline with the
smallest gradient that fits
within the data within the
uncertainty values
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line of best fit a straight
line through data

points in a graph that
best expresses the
relationship shown in a
scatterplot

-l
4
O‘~

Weblink
Linear regression and Excel

Pearson correlation
coefficient (R) a
statistical measure that
quantifies the direction
and strength of a
relationship between two
variables

point. To draw a minimum trendline involves drawing a line from the top of the error bar of the
starting data point to the bottom of the error bar of the last data point.

Although trendlines are more general and can be used for different types of graphs with
linear and non-linear data, the line of best fit is better suited for linear relationships. Since
the line of best fit is used for linear relationships, the data points can be used to establish the
relationship expressed as y = mx + c.

Although this can be done manually, the calculations can become complex and therefore
it is often easier (and more accurate) to use software such as Excel, which can both draw the
graph and establish the corresponding equation for the line of best fit. Lines of best fit can be
used to predict values not measured in the experiment (extrapolation) or estimate values within
the range of data collected (interpolation) that was not directly measured (Figure DC.1.17).

N N
7 7
Interpolation Extrapolation

FIGURE DC.1.17 Using a line of best fit to (a) interpolate a data point within the measured values
and (b) extrapolate a data point outside of the measured values

Drawing the line of best fit involves specific statistical models such as linear regression and
is often accompanied by a quantifiable level of certainty, known as the R-squared value (R?) (also
referred to as the coefficient of determination). Regression analysis provides an equation for a
graph so that predictions can be made about the data.

Linear regression is a basic and commonly used type of predictive analysis. Regression is
used to examine two key questions:

1. Does aset of predictor variables do a good job at predicting an outcome (dependent) variable?
2. Which variables in particular are significant predictors of the outcome variable?

These regression estimates are used to explain the relationship between one dependent
variable and one or more independent variables.

This can be calculated in Excel.

Before discussing R* values, we must first understand the significance of R values.

A method that can be used to quantitatively describe the direction and strength of a linear
relationship between the independent and dependent variables is the Pearson correlation
coefficient (R), which measures the correlation between two sets of data. R values can be
between —1 and 1, where:

« R =0suggests no correlation
« R=1suggests a strong positive correlation
+ R=-1suggests a strong negative correlation.

The formula to calculate the R value is complicated and therefore it is much easier to use
software to help with this calculation. Programs such as Excel have options for calculating R
when plotting a graph.

Squaring the R gives us the R*value. This value indicates the strength of the correlation of
the linear relationship between two sets of data. In simple terms, it answers the question, ‘Can
I draw a line graph to represent the data?” Calculating this coefficient does not allow you to
fit a line to your data (use a regression analysis for this). However, the value is not able to tell
the difference between the independent and dependent variables; for example, investigating a
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high-calorie diet causing diabetes might give a correlation of 0.8. However, you could also get the
same result with the variables switched around - diabetes causes a high-calorie diet. Therefore,
as a researcher you must be aware of the data you are putting in and note the difference between
correlation and causation:

« R >0.8=strong correlation.

» R <0.5=weak correlation.

Non-linear graphs

Not all trends show a linear pattern. For example, graphs showing the solubility of substances
at different temperatures show a non-linear relationship (Figure DC.1.18).

Solubility curve for potassium chlorate
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20

10+

Grams of potassium chlorate/100 mL water

T
20 40 60 80 100
Temperature (°C)

FIGURE DC.1.18 The solubility of potassium chlorate in 100 mL of water at different temperatures
shows a non-linear relationship.

The simplest way to identify whether a relationship between two variables is linear or non-
linear is to plot the data points on a graph to identify the overall trend. Gradient analysis can be
conducted on non-linear graphs by calculating the instantaneous gradient of the tangent line at
each data point and comparing the extent of the changes between each point. The tangent line
is a straight line that ‘touches’ the data point and shares the same gradient as the curve at the
given data point (Figure DC.1.19).

Non-linear graph with a tangent line

y y=1®

Tangent line

N
X 7
FIGURE DC.1.19 An example of a tangent touching a data point on a non-linear graph
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Error bars

To illustrate uncertainty, your graphs should incorporate error bars. These extend from data
points to demonstrate the uncertainty the measurement (Figure DC.1.20).

a Error bars b Breakdown of an error bar
AN N
1.0 Error bar
o 0.8 -
Q2
s
g 0.6 -
= I @ < Data point
2 [}
& 0.4 1
&
-l o
o ® L
(L 0.2 4 Cap—)
Weblinks ) 0 - )

Error bars .
Independent variable

Drawing graphs
with error bars

FIGURE DC.1.20 (a) A scatterplot that has incorporated error bars. (b) The structure of an error bar.

The upper and lower limits of the error bars can be determined by using descriptive
statistics such as standard deviation or absolute uncertainty. (Note: There are different types
error bars, e.g. standard deviation, confidence intervals, absolute uncertainty, percentage
uncertainty.) To draw error bars on graphs:

1. Identify the data point.

2. Calculate the uncertainty of the mean for the data point. This will determine the upper and
lower limits of the error bar.

3. Use the values from step 2 to identify the maximum and minimum value for the data point.

Use this to draw the error bar.

Graphing applications such as Excel have an option to include error bars in graphs. This is a
faster and often more accurate method of generating graphs with error bars.

A larger error bar indicates that the values are spread out and suggests greater uncertainty
than a smaller error bar, which signals that the measurements are clustered around the data
point. Error bars can be drawn for different types of graphs (Figure DC.1.21).

Column graph Line graph

A\ 4

FIGURE DC.1.21 A column graph and a line graph with error bars
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Other representations of data

Scientific drawings

Textbooks are full of scientific drawings that represent structures, organisms
and processes. These drawings are highly detailed, accurate and clear. For
example, consider the representation of covalent bonding between two
hydrogen atoms in a hydrogen molecule (Figure DC.1.22).

Scientific drawings include labels and annotations and are also drawn
to scale to show the relative proportions of the elements involved.

Identifying trends and relationships

The purpose of an experiment is to collect relevant data that can be analysed
and used to understand the relationship between the independent and
dependent variables.

Analysing graphs

When analysing graphs, it is important to consider all aspects presented in
the graph. Consider the graph shown in Figure DC.1.23. What we tend to
notice first is the overall trend in the data. The graph shows a negative trend
where the cell potential decreases as the concentration of Zn?* increases. We
determine this visually based on the shape of the line; however, it is possible

to also measure the negative gradient for the line. The large R? value of 0.9723
(very close to 1) suggests high correlation between both variables.

1.18 +
1.16 4~
1.14 4
1.12 -

1.10 +

1.08 '\0‘

Cell potential (V)

N Cell potential vs Zn?* concentration

Sharing of electrons
between two atoms

Key
-+ Positively charged nucleus

@ Negatively charged electron

---- Electrostatic force of attraction
(covalent bonding)

FIGURE DC.1.22 Covalent bondingin a
molecule of hydrogen (H,)

1.06

1.04

1.02 +

1.00 T T T
0 0.2 0.4 0.6

Zn?* concentration (M)

0.8

FIGURE DC.1.23 A graph showing the effect of the concentration of ZnSO, on cell voltage

The graph in Figure DC.1.23 also contains error bars showing the overlap of all data points.
When this happens, it suggests that the differences between the overlapping data points are
statistically insignificant and are due to random errors. As such, the trend shown may not

reflect the true relationship between the concentration and cell potential.
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Although not as easy to visually identify as graphs, raw data tables can also be interpreted
to identify the relationship between two variables. Consider the raw data table for the graph in
Figure DC.1.23 (Table DC.1.6).

TABLEDC.1.6 A data table for the experiment testing the effect of the concentration of ZnSO,
on cell voltage

Mean cell| Absolute | Percentage | Theoretical | Absolute | Percentage

potential | uncertainty | uncertainty

cell

(V) (V) (%) (V)
0.01 1.087 +0.005 +0.460 1.159 +0.072 6.249
0.10 1.077 +0.005 +0.464 1.129 +0.053 +4.681
0.25 1.073 +0.005 +0.465 1117 +0.044 +3.977
0.50 1.070 +0 +0 1.108 +0.039 +3.506
1.00 1.063 +0.005 +0.470 1.100 +0.037 +3.333

QCAA Chemistry subject report 2023 cohort February 2024 © State of Queensland (QCAA)

All results have an overall low percentage error, suggesting that the experiment has
high validity.

Interpreting

You need to scientifically justify the argument. This is done by referencing theory and previous

ot studies to explain the phenomena being shown through the data. For example, in an experiment

'|: measuring the effect of temperature on enzyme function, we would want to refer to the theory
relating to the current understanding of enzyme function and use that to justify the arguments
Resource made from the trends identified in the data.

Sample research

investigation The culmination of this allows us to draw well-informed conclusions that help to answer the

research question.

To demonstrate that you have a robust understanding of the results of the experiment, it is
important to identify the pattern/relationship between the variables and comment on the reliability
and validity of the relationships using your calculations of errors and uncertainty. Although it sounds
counterintuitive, highlighting sources of error in your experiment and describing its effect on your
results strengthens your argument. It also allows you to identify any limitations and offer suggestions
for improvements and/or extensions to your experiment. By doing so, you are demonstrating an
ability to critically analyse data, which helps to develop well-informed arguments.

LEARNING CHECK DC.1

DESCRIBING

1 Describe the difference between:

a accuracy and precision
b reliability and validity.

2 Identify two strategies to improve the accuracy of data.
3 Identify the type of data most suited to:

a piecharts
b line graphs
¢ column graphs.
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4 Describe the importance of:
a alogbhook b MSDSs c ethics in experiments.

5 Sequence the following sections of the scientific method in the correct order:
methods, materials, discussion, research question.

APPLYING

6 Consider the following research question:
‘How does increasing the temperature (K) affect the rate of a reaction (mL s™)?
Identify the:

a dependent variable b independent variable.

7 A student wanted to conduct an experiment to see whether eating food before running had any effect on how
far she could run. Write a research question for this experiment.

8 A studentis conducting an experiment involving the use of a glass measuring cylinder to measure and pour a
sample of acid into a 100 mL glass beaker. Identify one safety concern associated with the experiment and how
the risk can be minimised.

9 In amedical experiment, a participant was asked to undergo a series of additional tests that could reveal
sensitive information about their health situation. The participant refused to give consent to the tests. However,
the experimenter ignored this and requested for the tests to be conducted anyway. Which ethical concept has
the experimenter breached? Explain your answer.

10 Identify the number of significant figures in the following.

a 0.0023 b 2.43007
c 8.1005 d 07

11 A student measured a value of 20 cm in their experiment with an absolute uncertainty of 1 cm.

a Calculate the percentage uncertainty.
b What does this value suggest about the precision of the measurement?

ANALYSING

12 A group of students designed an experiment to measure the melting points of different substances. The
students obtained five different substances: A-E. They set up a melting point apparatus and heated each
substance until it melted, recording the temperature at which melting occurred.

a Identify an extraneous variable for this experiment.

b Each student took turns measuring the melting point of each sample each day. Students brought in their
own thermometers, and it was noticed that some used digital thermometers while others used analogue
thermometers. Identify the type of error that occurred as a result of this.

13 In a particular set of measurements, a student recorded the following measurements: 14.2 cm, 14.1 cm and

14.3 cm. Calculate the absolute uncertainty.

14 The results from a student’s experiment are shown below.

Concentration of Trial 1 Rate of reaction | Trial 2 Rate of reaction | Trial 3 Rate of reaction
reactant (moI L) (molL"s™) (mol L-"s™) (mol L' s7)

0.0050 0.0060 0.0050
0.2 0.010 0.011 0.0090
0.3 0.015 0.017 0.016
0.4 0.020 0.022 0.021

a ldentify the dependent and independent variables for this experiment.
b Calculate the mean value for each concentration.
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c
d

Use the values to draw a graph to represent this data.
Determine the correlation (if any) between the independent and dependent variables.

15 Consider the following graph.

a
b

16 This graph was drawn for an experiment measuring
the change of absorbance as a result of a change
of concentration.

a
b

secondary data data that
is collected by someone

else

DC-28

Concentration of phosphorus
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0- . i . . i . . —>
4 5 6 7 8

Sample

Determine the dependent variable.
Which sample shows the greatest variability?

What is the name of the type of graph drawn?
What is the name given to the line drawn in
the graph?

Calculate the gradient (m) of the line.
Determine the approximate absorbance at a
concentration of 0.2.

Based on the graph, would you expect the R
value to be closer to 1 or to 0? Explain your

response. 0.0 : : :
0.0 0.2 04 0.6 0.8 1.0
Concentration

Absorbance

Vv

Research investigation

To help prompt your Research Investigation (IA3) assessment, your teacher will provide a list
of claims that you can investigate. These claims will be related to particular topics outlined
in the syllabus. After selecting a claim, you will be required to choose a research question to
investigate. Unlike the student experiment, the research investigation requires you to collect
and analyse secondary data about your topic and particular research question.

NELSON QCE CHEMISTRY UNITS 3 &4 9780170483544



Forming and finding
Researching to write a rationale

As with the Student experiment, you will need to conduct research before developing a research
question. This involves reading scientific articles and books and investigating other resources
to develop a solid understanding of the topic. From blogs to scientific journals, there are many

resources available to help develop your understanding. These sources may be available through
open access (e.g. Google Scholar) or through organisations such as government websites and local
or national libraries; for example, the State Library of Queensland. Open Science, an initiative :"
by Creative Commons, has a list of open-source scientific articles that are freely available. For S
scientific research, it is important to use a variety of credible resources. Therefore, you will need to

be able to assess the reliability of the sources you are using. For example, blogs that can be written Weblink

Open Science
by anyone are not as reliable as a scientific article from a peer-reviewed journal (Figure DC.2.1).

Primary source HIGH

Peer-reviewed research article published in a journal. For example:
* Nature

Session at a scientific conference

Secondary source

Review article published in a journal. For example
+ Science

Article written in reputable media. For example:
+ ScienceDaily
+ Science News for Students

Visual media prepared by qualified presenters. For example:
* Documentary

+ Animation

+ TEDEd

+ TikTok (qualified presenter)

Expert opinion article

General opinion article that relies on anecdote and can be biased

News article in general news media such as a newspaper or social media that relies on
anecdote and ‘clickbait’

Non-scientific idea, anecdote, ‘common sense’ psychology often presented by celebrity
or influencer without the knowledge or skills to evaluate the claims. For example:

+ TikTok (unqualified presenter)

LOW

FIGURE DC.2.1 Sources of information based on their reliability

This is why the peer-review process in scientific research is so important (Figure DC.2.2).
For an article to be published in a journal, it must be reviewed by multiple experts, who evaluate
it and make suggestions for further improvement. Before it can be resubmitted, the author must
review and respond to the suggestions. This process can take months. Only once this process
has been completed can the article be accepted for publication by the journal.

When using sources that are not from peer-reviewed journals, it is important to assess the
reliability and validity of the information. It is helpful to ask yourself question such as:

« Is the author(s) an expert in this domain?
« Does the author use evidence to support their claims?
« Is the methodology valid?
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FIGURE DC.2.2 The peer-review process

« Ifevidence is used, where does the data come from?
« Isthis publication trustworthy?
« Is there any bias; for example, is there a conflict of interest among the researchers?

It is also a good idea to cross-reference the information presented by these resources with
other sources such as primary sources and textbooks. This initial research helps you to develop a
rationale for your investigation, and as a result helps to craft a research question that is relevant
to the claim. As with the student experiment, the research question needs to be able to be tested.

To help the reader have the necessary context for the research investigation, you need to
provide a level of background. The background needs to include enough of a foundation that
the reader can understand the theoretical underpinnings of the research while also showing
that you have used scientific evidence to develop a research question that aligns with the claim.

Referencing conventions

Because experiments and scientific research draw on the knowledge, thoughts and ideas
developed by others, we need to appropriately acknowledge the source of the information. The
referencing format that is required depends on the discipline; however, in most cases, science
uses the APA (American Psychological Association) referencing style.

Analysing evidence

As part of your assessment, you will need to find scientific evidence from previous research
related to your research question. The data derived from these studies is used in the same way as
the data collected from your student experiment - to identify trends and relationships between
variables to answer the research question.
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Because there are multiple data points, it is important to re-organise the data and present it in
a way that can be analysed. For example, Table DC.2.1 presents a comparison of data collected
from two distinct scientific experiments investigating the properties of different shampoos. The
data from all three studies has been organised to make it easier to compare.

TABLE DC.2.1 Comparison of results between different studies

(Baci 2014) (Mainkar 2001

ove | Herbal Undisclosed | Laboratory | Average of five
POO Essence synthetic shampoo commercial
shampoo shampoos
Surface tension 38.72 31.68 38.36 32 34 371 32.8-37.7
(dyne cm™)
Wetting time (s) 187 141 157 130 159-227
Solid content (%) 22.75 25 25 25.3 26.5
Foam description Small Small Small Loose open | Dense creamy
dense dense airy
Foam height (mL) 115 92 113 165 169 158 153-168
2% solution 1% solution
Detergency (% sebum 93 95 61.14 61.1-80.12
removal)

QCAA Chemistry 2019 v1.3 IA3 high-level annotated sample response August 2018 © State of Queensland (QCAA)

Additionally, the data can be used to construct graphs (Figure DC.2.3).
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FIGURE DC.2.3 A graphical representation of the surface tension data presented In Table DC.2.1

QCAA Chemistry 2019 v1.3 IA3 sample assessment instrument August 2018 © State of Queensland (QCAA)

Organising data in this way makes it easier to identify any trends, patterns or relationships
that exist between the variables being tested. As in your student experiment, you would also
need to identify any sources of error and levels of uncertainty that can impact the results.
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Interpreting evidence

As you now know, presenting data and describing trends and relationships on their own is not
sufficient. We need to be able to use the evidence and scientific theory to justify the argument
being made and to draw a conclusion.

When developing your conclusion, ensure that it directly answers the research question.
Sometimes when assessing studies at an individual level, the data may point to a particular
conclusion. However, when studies in the same area are evaluated together, an overall analysis
may suggest a different conclusion. If your investigation shows a different conclusion from the
studies used, that in itself is an important conclusion. It highlights that further investigation is
required to develop a deeper understanding of the area.

Scientific language

The ability to communicate scientific understanding to an audience is often an overlooked
skill. How we present the information depends on what we are sharing and the audience we are
sharing with. For example, when communicating to a younger audience who are unfamiliar
with many scientific concepts, it is important to use accessible language and visuals to help
foster a foundational understanding of the topic. When communicating findings to those in
the scientific community, we need to make sure to use scientific language, including correct
nomenclature, units and symbols specific to the scientific theory.

Evaluating evidence

The quality of evidence can affect the reproducibility of the research and strength of the
conclusions drawn. We can assess the quality of the evidence by identifying any limitations
caused by errors and/or uncertainty (Figure DC.2.4). This may include assessing:
« appropriateness of the method (where possible)
« sample size
+ sources of error
« degree of uncertainty of the data.

It is also important to consider any bias (e.g. is the funding from a particular company?),
recency of data and qualifications of the author(s).

determine whether a shampoo cleans better were limited to the surface tension of
the water when the shampoo was added, wetting time, foaming ability, solid content
and detergency. In all three studies, the natural shampoo performed better in some

FIGURE DC.2.4 An excerpt evaluating the evidence provided by previous scientific studies

QCAA Chemistry 2019 v1.3 IA3 high-level annotated sample response August 2018 © State of Queensland (QCAA)

This would also help to make any interpolation or extrapolations of the findings to further
analyse the research claim. It is important to suggest any further improvements for future studies
related to this area (Figure DC.2.5). For example, identifying any changes that you would make
to the methodology to improve the validity or reliability of the data from the experiment.
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Further investigations required

To truly investigate whether natural shampoos are better than synthetic shampoos
in terms of surface tension, wetting time, solid content, foaming ability and
detergency, further testing would need to be carried out. This testing would need

FIGURE DC.2.5 Suggestions for further investigation for an experiment involving shampoos that
showed inconclusive evidence

QCAA Chemistry 2019 v1.3 IA3 high-level annotated sample response August 2018 © State of Queensland (QCAA)

Suggestions for improvement should also address any limitations present in the experiment
including:
« experimental limitations; for example, time available to conduct the experiment, errors
« methodological limitations; for example, accuracy and reliability of measurement
techniques, ethical constraints
« external limitations; for example, environmental factors that can introduce variability,
access to proper equipment.
As you can appreciate, being able to interpret and evaluate data is crucial for reaching
informed conclusions about your research. Not only do you need to speak about the data, you
need to be able to use the evidence to justify any arguments made from the research.

LEARNING CHECK DC.2

DESCRIBING

1 Identify the difference between primary and secondary data.
2 Describe the role of the peer-review process in scientific research.

APPLYING

3 A student conducted an experiment to investigate the effect of different
concentrations of hydrochloric acid on the pH of a solution. The student tested four
different concentrations: 0.5M, 1M, 2 M and 4 M. The pH was measured using a pH
meter. Identify one possible experimental and one methodological limitation for this
experiment.

4 Consider the following passage:

The rate of reaction is a fundamental concept in the field of chemistry. Understanding
the factors that influence reaction rates is crucial in predicting and controlling
chemical reactions.

Rewrite the passage so that it can be read and understood by a primary school student
who is studying science.

5 A student used the following source for their research investigation.

Cruzan, J. (2012). ‘The most important solvent’. Retrieved from http://www.drcruzan.
com/Water.html.

Use information from the ‘Referencing sources’ weblink to show how this resource would
be referenced in the text.
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CHAPTER Conducting research
SUMMARY

«  The scientific method follows a particular process aimed to maximise accuracy, reliability
and objectivity while minimising uncertainty and error.

The scientific method

becomes background
research for future
studies

becomes background
research for future
studies
\

I
I I
| I
| |

Analysing data

«  Precision describes the closeness of data, whereas accuracy describes how close the
measured value is to the true value.

«  The quality of data affects the validity of the experiment.

«  Errors affect the accuracy and precision of data. These can be categorised into:
- random errors
- systematic errors.
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Accuracy and precision

Number of indication
values

Number of indication
values

N A s
- - 7 Reading - - > Reading
True value True value

Number of indication
values
Number of indication
values

!
: N .
True Mean L > Reading
value’ Mean ‘True value’

> Reading

«  Percentage error helps to indicate the accuracy of a measurement.

measured value —true value| 100
Percentage error (%) = -

true value | 1
»  Uncertainty describes the variability in the measured results:

. maximum — minimum
Absolute uncertainty = =+

2
absolute uncertain 100
Percentage uncertainty (%) = Yy, 100
measurement 1

«  Pearson’s correlation (R) coefficient helps quantify the direction and strength of the
relationships between the measured variables.
- R=0suggests no correlation.
- R=1suggests a strong positive correlation.
- R=-1suggests a strong negative correlation.

Graphs

»  There are many different graphical representations of data, including:
linear graphs

column graphs

- piecharts

scatterplots.
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Pie charts Column graphs
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«  Graphs help to show the relationship between variables. Although they can show
correlation, this does not mean causation.
Correlation of line graphs Correlation trends of scatterplots
N
J . S
Positive Negative Zero Positive correlation Negative correlation  Zero correlation

«  Error bars on graphs help to visualise variability of measurements around the mean.
- The central point shows the data point.
- The upper and lower limits show the variability of the measured values.
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Dependent variable

Error bars
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Scientific drawings

«  Scientific drawings are representations of scientific concepts.
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- Electrostatic force of attraction

(covalent bonding)

Interpreting, analysing and evaluating evidence

«  Apart from speaking to the trends shown in the data, when analysing data it is also
important to assess:
appropriateness of the method

sample size
sources of error

degree of uncertainty of the data.

«  When evaluating evidence, make sure to also address any limitations present in the
experiment, including:
experimental limitations; for example, time available to conduct the experiment, errors
methodological limitations; for example, accuracy and reliability of measurement
techniques, ethical constraints

9780170483544
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external limitations; for example, environmental factors that can introduce
variability, access to proper equipment.

»  When communicating findings, make sure to:
- use appropriate conventions and nomenclature
- use language appropriate to the audience
- reference appropriately using the relevant referencing system.




MULTIPLE CHOICE CHAPTER

1. Which measure provides information about the spread or variability of data points in a EXAM
data set?
A Mean
B Mode
C  Outlier
D Standard error

2. Which of the following data sets would be considered precise but not accurate?

A Volume of solution added to a flask using a graduated cylinder with a chipped spout
(Readings: 22mL, 21 mL, 23mL)

B  Measurements of the pH of a solution using a faulty indicator that consistently reads
0.5 units higher than the actual pH (Readings: 3.5, 3.5, 3.6)

C Mass of a metal bar measured on a balance that is not zeroed properly (Readings:
11.4g,15.8g,13.2g)

D Temperature readings of a Bunsen burner flame measured with a thermometer that
is positioned slightly farther from the flame each time (Readings: 1500°C, 1500°C,
1600°C)

Questions 3 and 4 relate to the following information.
A Chemistry student measures the volume of a liquid using a graduated cylinder. The student
reads the volume as 12.5mL. However, a more precise instrument shows the actual volume to

be 12.9mL.
3. What is the percentage error in the student’s measurement?
A 1.5%
B 24%
C 26%
D 31%

4. Which of the following actions would not improve the reliability of the student’s results in
subsequent measurements?
A Using a graduated cylinder with a smaller volume division (e.g. 0.1 mL instead of
1mL)
B  Repeating the measurement with the same graduated cylinder and averaging the
results
C Calibrating the graduated cylinder by measuring a known volume of a different
liquid
D Estimating the volume between the markings on the graduated cylinder
5. Ina Chemistry experiment, students investigated the effect of the concentration of
solutions on light absorbance. Which of the following can be considered an extraneous
variable?
Type of light source used
Concentration of the solution
Length of time the solution was exposed to light
Temperature of the room during the experiment

goawp
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Questions 6-8 relate to the following information.
A student conducted an experiment to measure the rate of a reaction. The rate was measured
through the collection of the gaseous product.

Change in concentration of KOH (mol L™") vs time (s)

y taken to collect 25.0 mL of gaseous product

1.2

y=-0.0181x+6.7215
2 =

10 4 . R? =0.8875

08 e

0.6 {

0.4 1 ®

Concentration (mol L™7)

0.2 1

0 T T T T T T T T T
320 325 330 335 340 345 350 355 360 365 370
Time (s)

A\ 4

6. The independent variable is:
A concentration (mol L7).
B gas(mL).
C mass (grams).
D time (seconds).

7. Which of the following correctly describes the trend shown by the graph?
A Asthe concentration increases, the time taken to collect 25.0 mL of gas increases.
B  Asthe concentration decreases, the time taken to collect 25.0 mL of gas increases.
C Asthe concentration decreases, the time taken to collect 25.0 mL of gas decreases.
D Asthe concentration increases, the time taken to collect 25.0mL of gas remains
the same.

8. The R*shows:
A aweak correlation between the variables.
B  astrong correlation between the variables.
C anegative correlation between the variables.
D no correlation between the variables.

9. Which of the following options can be considered a random error in a chemistry
experiment?

Using a calibrated balance

Following the experimental procedure

Reading a measuring cylinder at different angles from the meniscus

Performing the experiment at a temperature higher than that outlined in the

methodology

gawp
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10. Which of the following cannot improve the reliability of results in an experiment

measuring soil acidity levels in different areas?

A Increasing the replicates in each area

B  Using various measurement techniques

C Calibrating the pH meters before taking measurements

D Reducing the number of data points collected in each area
SHORT RESPONSE

11. The following is a description of an experiment.

Students are investigating the effect of different concentrations of a chemical solution on
the rate of a chemical reaction. In the experiment, the reaction is conducted with three

different concentrations: 0.1M, 0.5M and 1.0 M.

All reactions are conducted at the same temperature and pressure, and the rate of the

reaction is measured at regular time intervals.

Write an appropriate research question for this experiment.

12.

Governments monitor water quality to ensure that the water is being provided to the

population is safe and within guidelines. As part of ongoing monitoring, water samples

are measured for the presence of different chemicals.

Test site median

Concentration units

Guideline trigger

1 2 3 4 5 6 7 8 9 10 11 12

N
7

a  Identify the dependent variable.
b  Atwhat point would the guideline be triggered?
c  Describe the trend shown by the graph.

9780170483544

Key
W Next level investigation triggered
® No action required

Warning — investigation may

be necessary
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13. The data in the table was collected from an experiment testing the effect of different
concentrations of a chemical solution on the rate of a chemical reaction.

Concentration Time taken for a set mass of product to be produced (s)
20 15+ 5% 16.8 +5% 16.2 + 5%
15 24+ 5% 25.8+ 5% 25.2+5%
1.0 34.8+5% 36+5% 35.4+5%
0.5 45+ 5% 46.8+5% 46.2+5

Sketch an appropriate graph to represent this data. Include error bars in your graph.

14. According to the Global Burden of Disease, neurological diseases are one of the main
causes of death globally. Migraine is a neurological disease affecting the central nervous
system that causes severe pain to one side of the head. Propranolol is a drug developed to
help manage migraine attacks; however, multiple factors affect how much of the drug can
be absorbed into and used by the body.

The following graph was taken from a study exploring the best mechanisms to deliver the
drug to improve the availability of propranolol.

- N

‘w 1200 -

] Nasal in-situ nonogel

£ 1000 -

c

k)

®_ 800

%'

(3] .

£ g 600

o

S 400 - 1

e L

E 200 - Oral drug M

(=]

& 0 T T T T T T )
0 1 2 3 4 5 6 7

Time (h)

a  Describe the trend seen in the graph.
b  For someone suffering from migraines, which delivery method would be the
preferred method? Explain your choice.
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CHAPTER DC SCIENCE RESEARCH 10a 2 b 6 ¢ 5 d 1
1
LEARNING CHECK DC.1 11 a Percentage uncertainty =55 x 100 = 5%
DESCRIBING b This su.ggests that the measurements are relatively
imprecise.
1 a Accuracy refers to how close a value is to the true 12 a The rate of cooling of each substance - this could affect

value, whereas precision describes how close a set of

the temperature recorded when the substance melts
measurements are to each other.

b Random error

b Reliability refers to the consistency of measurements 13 Absolut taint 14.2 - 141 +01
upon repeat experiments, whereas validity describes solute uncertainty = 2 ==xb.lem
the extent to which the experiment measures what it is 14 a Dependent variable : Rate of reaction
intended to measure. Independent variable: Concentration of reactant
2 Calibrate measuring instruments. b Concentration (mol L") | Mean rate (mol L' s)
Record multiple measurements and take an average. 01 0.0053
3 a Datathatisin categories
0.2 0.0073
b Continuous data or measurements taken over time
0.3 0.016
c Datathatisin categories or discrete data
. . . 4 .021
4 a Alogbook contains detailed notes relating to the 0 0.0
experiment, including observations, results and Rate of reaction (mol~' L=" s7) at
methodology. This information is important during the c different concentrations (mol~"L"")
analysis of the results of the experiment. 0.45
b MSDSs contain information about the safe handling of T, 0404 .®
i ) . S 0.35- .-="" R2=0.9979
any chemicals or substances used in an experiment. £ 0304 e
This ensures the safety of the researchers. 8 0.25- ,_.—"‘
. - . S 0.20
c Ethics help to ensure the safety of participants in the £ g 1:7 "
experiment, the integrity of the experiment and the £ 010 o«
proper use of the experimental results. © 0054
0.00
5 Research question, materials, methods, discussion 0.000 o.éos 0.610 0‘0‘15 0‘0‘20 0.625
Rate of reaction (mol L™"s™")
APPLYING

d Thereis a positive correlation between the rate of
6 a Dependent variable: rate of reaction (mL s™) reaction and concentration of reactant.

b Independent variable: temperature

7 Potential research question: Does the consumption of food ANALYSING
(grams) before running affect the total distance a person 15 a Concentration of phosphorus
can run (km)? b Sample3

8 Potential risk: The student could drop the measuring 16 a Scatterplot

cylinder, causing it to break and shatter. The pieces of glass

could cause potential damage to the skin. b Line of best fit

: A
Risk minimisation — Wear gloves and closed-toe shoes to ¢ Gradient :A_f(
protect against pieces of glass if broken. 4-2
9 The experimenter breached informed consent. The 0.480-0.250
experiment ignored the participant's refusal to be tested =8.70 (approximately)
and performed the procedure anyway. Participants need d Approximately 1.500

to give formal consent to participate in experiments and
the experimenter must respect their wishes, not go against
them.

e Since thereis a strong positive correlation between the
two variables, the R value is likely to be closer to 1 than 0.
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LEARNING CHECK DC.2
DESCRIBING

1 Primary data is firsthand data collected by the researcher,

whereas secondary data refers to information collected from

an experiment conducted by someone else.

2 The peer-review process helps to ensure the quality of the
research and the results. It also helps to add credibility to

the research investigation.

APPLYING

3 Experimental limitation: the accuracy of the pH meter

Methodological limitation: only testing three concentration

levels

4 How fast a reaction occurs is the rate of reaction. Knowing

how fast or slow reactions occur can help scientists with
studying chemical reactions.

5 (Cruzan, 2012)

CHAPTER EXAM
MULTIPLE CHOICE

1 D 3 D 5 A 7 B 9 C
2 B 4 D 6 D 8 B 10 D
SHORT RESPONSE

11 How does the concentration(M) of a chemical solution
affect the rate of a chemical reaction(mL s7")?

12 a

b Ataconcentration above 1.2-1.3

Concentration

DC-44 ANSWERS

13

14

c

Time (s)

In the first 4 months, the concentration increased over
time. From months 3-4, the concentration increased
high enough for the guideline to be triggered. From
months 4-5, the concentration decreased but began
to increase again from months 5-7. From months 7-9,
the concentration decreased over time but began
to increase again from months 9-11 after which it
remained stable. For the period of months 7-12, the
concentration was greater than the guideline trigger
point.

Time taken for product to be produced at

different concentrations

60 | R?=10.9986
50 |
a0 T
o4 el

200 T
10

Cc ation of

lution (%)

The graph shows that nasal in-situ nonogel allows for
a higher concentration of propranolol in the brain over
time compared to oral drug solution. For both graphs,
the concentration of propranolol in the brain increases
during the first 3 hours, after which the concentration
decreases over time.

For someone suffering from migraines who would want
more of the migraine drug to be available quicker, nasal
in-situ nonogel would be a preferred option because

it allows for both a quicker and a higher concentration
of medication to reach the brain than the oral drug
solution. It also allows for more of the drug to be
available in the brain over time.
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Topic 1: Chemical equilibrium systems
CHAPTERS RELATED TO THIS TOPIC AREA: 1-7

Topic 2: Oxidation and reduction
CHAPTERS RELATED TO THIS TOPIC AREA: 811
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Reversible reactions occur in a variety of chemical systems, including acid—base equilibrium systems and
electrochemistry. Applications include the principles of oxidation and reduction (redox) reactions and the
production of electricity from electrochemical cells. Reversible processes respond to a range of factors
and can achieve a state of dynamic equilibrium. Investigations explore the principles of dynamic chemical
equilibrium and how these can be applied to electrochemical cells and the pH scale. The concepts of
equilibrium and redox are important in the real world in terms of environmental issues, such as acid rain and
oceanic acidification. These concepts can also be applied to contemporary energy use and sustainability
debates. In an industrial context, applications include food and wine production, corrosion and corrosion
prevention, fuel cells and uses of electrochemistry.

UNIT OBJECTIVES

By the end of this unit, students should be able to:

1. Describe ideas and findings about chemical 5. Evaluate processes, claims and conclusions
equilibrium systems and oxidation and about chemical equilibrium systems and

reduction. oxidation and reduction.

. Apply understanding of chemical equilibrium . Investigate phenomena associated with
systems and oxidation and reduction. chemical equilibrium systems and oxidation

. Analyse data about chemical equilibrium and reduction.
systems and oxidation and reduction. Chemistry 2025 v1.2 General Senior Syllabus
Interpret evidence about chemical equilibrium © State of Queensland (QCAA) 2024
systems and oxidation and reduction.
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Chemical equilibrium

SCIENCE UNDERSTANDING
Discriminate between open or closed chemical systems.
SYLLABUS dentify that physical ch I ible, wh I hemical
DOT POINTS Identify that physical changes are usually reversible, whereas only some chemica

reactions are reversible.
Symbolise equilibrium equations using = in balanced chemical equations.

Explain observable properties and the characteristics of physical and chemical systems
in a state of equilibrium.

Explain that, over time, physical change and reversible chemical reactions reach a state
of dynamic equilibrium in a closed system, with the relative concentrations of products

and reactants defining the position of equilibrium.

Explain the reversibility of chemical reactions by considering the activation energies of
the forward and reverse reactions.

Analyse data and interpret graphical representations of relative changes in the concentration
of reactants and product against time, to determine the position of equilibrium.

Chemistry 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024
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Introduction

In our everyday lives, there are many examples of balance or equilibrium. A see-saw is
in equilibrium when the forces on either side are balanced, and the see-saw remains
horizontal. A river ecosystem can be in equilibrium when the amount of water entering
the river through rainfall is balanced by the amount of water leaving through evaporation
or flowing downstream. This balance helps maintain stable water levels and a healthy
environment for aquatic life.

Imagine you are using your phone while it is connected to the charger and the power
is being added at the same rate as it is being used. The inflow and outflow rates are equal,
so the power level in the phone is constant. This represents equilibrium because power is
still entering and leaving the system, but the overall power level doesn’t change. Similarly, in
chemistry, reversible reactions (represented by double arrows) can occur in both directions
simultaneously at the same rate at a molecular level, and so achieve a balance where the
amounts of reactants and products remain constant and the chemical system appears to
be unchanging.

Worksheets
® Systems in equilibrium
® Chemical systems

. To access resources above, visit

& N e lSO n Mi ndTa p cengage.com.au/nelsonmindtap

~
’l
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chemical system the
chemicals involved in
a reaction

surroundings everything
except the chemicals
involved in a reaction

closed system a system
in which the chemicals
involved in a reaction
are all contained in a
fixed space

open system a system
in which one or more
reactants or products in
a reaction can be added
or lost

-l
&
0‘.

Worksheet
Chemical systems

Weblinks
What is equilibrium?

Equilibria

6 NELSON QCE CHEMISTRY UNITS3& 4

ASSUMED KNOWLEDGE

Chemical equations are composed of reactants and products.

Balanced chemical equations can be determined for a range of reactions.

Symbols are used to indicate the phases of matter (s, |, g, aq) in chemical equations.
The rate of reaction depends on several factors.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

L N NS

v compare open and closed systems, and provide examples of each

v explain the difference between reversible and non-reversible reactions

v understand the difference between steady state and dynamic equilibrium systems

v describe physical equilibrium and chemical equilibrium systems, giving examples

of each

understand that reversible reactions can go in the forward or reverse direction

v analyse the rates and concentrations of products and reactants in chemical equilibrium,
using equilibrium graphs

v consider the activation energies of the forward and reverse reactions as a predictor of
the reversibility of a reaction.

<

Equilibrium — systems in balance

The chemicals involved in a reaction form the chemical system, while anything around
these chemicals but not involved in the actual reaction forms the surroundings. For example,
in the reaction between hydrogen gas and oxygen gas to form water vapour, the molecules
of hydrogen, oxygen and water make up the system, while the other molecules in the air
(e.g. nitrogen, carbon dioxide) form the surroundings. In an aqueous environment, the water
forms part of the system if it is involved in the reaction and it forms the surroundings if it is
not involved.

If the chemicals in the reaction are all contained in a sealed system, the system is a closed
system (Figure 1.1.1). For example, if hydrochloric acid was added to calcium carbonate in a
fixed space where nothing can enter or leave the system,
it is a closed system.

Conversely, if substances can either be added from or
lost to the surroundings, then it is described as an open

Only energy . . S

exchanges. system. For example, if hydrochloric acid is added to
calcium carbonate in an open beaker, then the carbon

Matter is - . .

contained. dioxide gas produced would escape into the air:

Closed system 2HCl(aq) + CaCO,(s) — CO,(g) + CaCl(aq) + H,0())

It is important to note that energy, such as heat or
light, can enter or leave a system, regardless of whether
the system is open or closed.

FIGURE 1.1.1 A system in
which chemicals are contained is
described as a closed system.

9780170483544



Physical and chemical changes

Changes that occur in a chemical system can be described as a physical change or a chemical
change. During a physical change, no new substances are formed. Instead, the physical
properties of the reactant change, which can include a change of state. For example, when water
is boiled, it changes from a liquid to a gas. The molecules remain the same; they are simply
further apart (Figure 1.1.2). We can represent this change with the equation:

H,0() = H,0(g)

Liquid Gas

FIGURE 1.1.2 Water boiling is a physical change from liquid to gas.

During a chemical change, the reactants produce new substances with different physical
and chemical properties from those of the original substances. For this to happen, the atoms
rearrange and form products that are different from the reactants. For example, a chemical
change occurs when an electric current is passed through water (Figure 1.1.3). The atoms in the
reactant, water, rearrange to form the new substances of oxygen gas and hydrogen gas:

2H,0(1) = 2H,(g) + 0,(2)

® o
Qu

2H,0 H, + 0,

FIGURE 1.1.3 The electrolysis of water is a chemical change.

Chemical reactions are often thought of as a situation in which the reaction continues
producing the products until one of the reactants is used up. However, this only happens for
some reactions. In many reactions, as the products are formed, some of them react to become
reactants again. This means that when the reaction appears ‘complete’, there are both reactants
and products present, as shown in Figure 1.1.3.

Reactions in which the reactants can form products, and the products can form reactants
are known as reversible reactions. The reaction in which the reactants form products is
called the forward reaction, and the reaction where the products form reactants is called
the reverse reaction (Figure 1.1.4). A double arrow = is used to show that the reaction can

9780170483544 CHAPTER 1 | CHEMICAL EQUILIBRIUM

physical change a
change in which no new
substance is produced

chemical change a
change in which a new
substance is produced

624

Syllabus link
Chapter 8 of Nelson
QCE Chemistry

Units 1 & 2 describes
physical and
chemical changes.

reversible a reaction in
which the products can
be converted back to the
reactants



occur in both directions. All physical changes are reversible reactions. However, only some
chemical changes are reversible.

CO +NO, < CO, + NO

Forward reaction
co NO, co, NO

Reverse reaction

co, NO co NO,

FIGURE 1.1.4 Forward and reverse reactions

Sharwood et al. 2008 Nelson VCE Chemistry units 3 and 4

The reaction between hydrogen gas and nitrogen gas is a reversible reaction and can be
represented by the following equation:

N,(g) + 3H,(g) = 2NH (g)

In the example shown in Figure 1.1.4, carbon monoxide (CO) reacting with nitrogen dioxide
(NO,) is the forward reaction; carbon dioxide (CO,) reacting with nitrogen monoxide (NO) is the
reverse reaction. The double arrows indicate that the reaction can proceed in both the forward
and reverse directions.

Some of these reactions show observable changes.

LEARNING CHECK 1.1

DESCRIBING

Describe the difference between a forward reaction and a reverse reaction.
Describe the requirements for a closed system.

Explain whether all chemical reactions are reversible.

Explain why double arrows are used in equations for reversible reactions.

a Hh WON =

Describe the difference between a chemical change and a physical change.

APPLYING

6 The reaction for the self-ionisation of water is an endothermic reaction:
H,0(l) = H*(aq) + OH"(aq)
a Construct the equation for the forward reaction.
b Construct the equation for the reverse reaction.
c Identify the distinguishing feature in the chemical equation that indicates that this
is a reversible reaction.

NELSON QCE CHEMISTRY UNITS 3 &4 9780170483544



Dynamic equilibrium

Inaclosed chemical system involving a reversible reaction, as the reactants form products the products
also form reactants. This means that the reaction does not go to completion. Rather, it reaches a state
of dynamic equilibrium, where the forward and reverse reactions are occurring at the same rate.

Dynamic equilibrium is achieved when the rates of the forward and reverse reactionsin a
reversible reaction are equal. Dynamic equilibrium can only occur in a closed system. The word
‘dynamic’ indicates that the reactions are still occurring at the molecular level, even though the
concentrations of reactants and products appear to remain the same. At dynamic equilibrium,
molecules of reactants are still converting into products, and molecules of products are still
converting back into reactants. In comparison, a steady state may be achieved in open systems
with continuous inflow of reactants and outflow of products. For example, if reactants are added
to a reaction mixture at the same rate that the products are removed, then a steady state will be
achieved even though the system will not be at equilibrium.

Equilibrium in chemical systems

When reactants are initially placed in a system, their concentrations are high compared to
the concentration of products. As there are initially no products, the reverse reaction cannot
occur, and the reaction progresses towards the products. This means that the rate of the forward
reaction is relatively high.

As the forward reaction progresses, the concentration of the products increases. The rate of
the forward reaction begins to decrease, because there are fewer reactant molecules available.
At the same time, the reverse reaction starts to occur, and its rate initally increases to produce a
higher concentration of products. This rate slows over time as less reactants become available.
Eventually, both the forward and reverse reactions slow until the rates of the forward and
reverse reactions are equal and equilibrium is achieved.

Figure 1.2.1 shows how, in a reaction between nitrogen gas and hydrogen gas, the
concentrations of the reactants and products change as an equilibrium is reached. The equation
for the reaction described is:

N,(g) + 3H,(g) = 2NH,(g)

Adjustment
period

Equilibrium

(mol L™

Initially, there is N,
and H, but no NH,

Cc;ncentration

Ny

\ %4

Time

FIGURE 1.2.1 Concentration of reactants and products against time during the reaction
N,(g) +3H,(g) = 2NH,(g)

9780170483544
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Weblink
Reversible reactions

dynamic equilibrium a
closed system in balance
in which the forward and
reverse reactions occur
at the same rate

steady state an open
system in balance in
which the inflow of
materials from the
surroundings equals the
outflow of materials to
the surroundings
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Therefore, the:

« rate of the forward reaction decreases as the concentration of the reactants decreases
« rate of the reverse reaction increases as the concentration of the products increases.

The system reaches a point at which the rate of the forward reaction is the same as the rate
of the reverse reaction (Figure 1.2.2). At this point, products are formed at the same rate that
they are used up. Therefore, the concentrations of the reactants and products remain constant.
When this happens, the system is said to be in dynamic equilibrium.

Rate at which NH; molecules
are being produced

o

(L The system is at equilibrium.

Rate

Worksheet
Systems in equilibrium

—— Forward reaction

Rate at which NH; molecules —— Reverse reaction
are decomposing

A\ 4

Time
FIGURE 1.2.2 Rates of reactions against time during the reaction N,(g) + 3H,(g) = 2NH,(g), when N,

and H, are mixed

When a system is at dynamic equilibrium, the concentrations of the reactants and products
remain constant even though the reactions are still occurring in both directions. This means

macroscopic property that the macroscopic properties also remain constant. For example, the colour will remain
stfsrgggg)l’et‘f;.iiressure’ constant or the mass of a solid will stay the same. Note that although the concentrations must be
temperature, constant for the system to be at equilibrium, they do not need to be equal. In fact, it is unlikely
colour, mass that they will be equal, as the equilibrium may favour the products or the reactants.

Physical and chemical systems in equilibrium

Physical and chemical changes may be in dynamic
equilibrium, where the changes are reversible. Both types
of equilibrium involve processes in which opposing actions
occur at the same rate.

Physical equilibrium occurs in processes that involve
a change of state (e.g. solid, liquid or gas) in a closed
system with no matter or energy being lost to surroundings
(Figure 1.2.3). For example, water can evaporate and
condense at the same rate in a closed container, maintaining
constant levels of liquid and vapour.

Chemical equilibrium occurs when reactants are
chemical efl"‘"ﬁfiﬁm transformed to products at the same rate as the reverse
?osr&i?gz?]én:velfse ::(Z;J:aa1i;:2ézuilﬁaijsr:16m reaction. For e).(ample, in the reaction Nz(g) + 3H,(g)

= 2NH,(g), nitrogen and hydrogen combine to form

reactions occur at equal . Lo
will maintain constant
ammonia, and ammonia decomposes back into nitrogen and

physical equilibrium a
situation in which rates
of opposing processes,
such as phase changes
(e.g. evaporation/
condensation), are
equal, resulting in no net
change to the system

Africa Studio/Shutterstock.com

rates, leading to constant . .
concentrations of macroscopic properties, such

reactants and products as colour. hydrogen at equal rates at equilibrium.
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LEARNING CHECK 1.2

DESCRIBING

1 Define:
a equilibrium
b dynamic equilibrium
c steady state.

2 Identify the following statements as true or false.

a A chemical system will reach equilibrium if it is an open system.

b A chemical system will reach equilibrium if it involves a reversible reaction.

¢ At equilibrium, the rate of the forward reaction is the same as the rate of the
reverse reaction.

d At equilibrium, the concentrations of the reactant and products do not
remain constant.

e At equilibrium, the macroscopic (large-scale) properties are not constant.

APPLYING

3 Describe the process shown in Figures 1.2.1 and 1.2.2.

4 Explain why the initial rates of the forward reaction are faster than the reverse reaction
when one reactant decomposes into two products.

5 Describe the trend on the graph (Figure 1.2.2) indicating equilibrium has been achieved.

. . o ofe activation energy, E,
|3 Predicting reversibility the minimum amourt
of energy required for
a chemical reaction

In Nelson QCE Chemistry Units 1 & 2, you considered collision theory to predict the rate of '@ 0ccur

reactions. Collision theory states that for a reaction to occur, the particles must collide with enthalpy total
sufficient energy to break the bonds and at the appropriate orientation to allow new bonds to form. energy content of a
This theory can also be used to understand why some reactions are reversible and others are not. ~ °hemical substance
Recall that the amount of energy required to break the bonds of the reactants is known  _iivated complex the
as the activation energy, E . This is the difference in enthalpy between the reactants and  intermediate state of

. — a chemical reaction in
the activated complex, as shown in Figure 1.3.1. Also, recall that although atoms cannot be | =\~ = 0 g

gained or lost in closed systems, energy can transfer. and forming

N &
Activated

complex Syllabus link
Chapter 19 in Nelson
QCE Chemistry

Units 1 & 2 explains
rate of reaction and
activation energy.

Activation
energy (E,)

Energy

Reactants

-l
o‘:

Products

\ 4

Weblink

What triggers a
chemical reaction?

Progress of reaction

FIGURE 1.3.1 The activation energy of a reaction is the minimum amount of energy required for
the chemical reaction to occur.
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Syllabus link

The Haber process
is discussed in more
detail in Chapter 17.

Sharwood et al. 2008 Nelson VCE Chemistry units 3 and 4

If the reactant particles in a collision do not have enough energy to break the bonds, then they are
unable to form the products. If the activation energy is lower than the energy of the reactant particles,
then more particles will have enough energy to break the reactant bonds and form the products.
Therefore, the size of the activation energy influences the likelihood of a reaction proceeding.

In areaction, we can consider the activation energy of both the forward and reverse reactions.
If the activation energy of either of these is very high, then that reaction is unlikely to proceed
because very few particles will have enough energy for a successful collision. Therefore, for
a reaction to be reversible, the activation energies of both the forward and reverse reactions
must be low enough that sufficient particles will have enough kinetic energy for a successful
collision. (Figure 1.3.2).

N
Much fewer than half the
particles have sufficient
g = energy to meet the activation energy.
F—a
s 2
»n O |
9 o I
23 |
tc
8= i
55 l
28 1
EL ‘
ER |
|
|
l
] N

7
o o ) Kinetic energy of particles (J)
Minimum kinetic energy for a reaction to occur

between colliding particles (i.e. the activation energy)

FIGURE 1.3.2 The number of particles with enough energy for a successful collision depends on
the activation energy of the reaction.

An example of a reversible reaction in which the activation energies of the forward and
reverse reactions is the Haber process method of synthesising and decomposing ammonia:

N (g) + 3H,(g) = 2NH,(g)

In this reaction, both the forward and reverse reactions have activation energies low enough
for a reversible reaction to occur.

In comparison, the combustion of octane in petrol is non-reversible. It is represented by
the equation:

2C,H, (1) +250,(g) »16CO(g) + 18H,0(g)

This time, the forward reaction has a relatively low activation energy, and releases massive
amounts of energy as heat. The reverse reaction has such a high activation energy, and the reactants
carbon dioxide and water are so stable that the reaction will not proceed in this direction.

LEARNING CHECK 1.3

DESCRIBING

1 Define ‘activation energy’ (E,).
2 Define ‘activated complex’.
3 Describe what the reversibility of reactions depends on.
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APPLYING

4 Explain what will happen to a reaction if both the forward and reverse reactions have
low activation energies.
5 Compare reversible and non-reversible reactions on the basis of activation energy.

6 Explain why the Haber process is reversible, but the combustion of petrol is not.

m Analysing data to

identify equilibrium

Graphs are used in many situations to visually represent data. When studying chemical systems
involving equilibrium, graphs can be used to consider either the rates of the reactions or the
concentrations of the substances over time.

Reaction rate against time

In a graph of reaction rate against time, when starting with reactants only, the following
are observed.

The rate of the forward reaction is initially high.

The rate of the reverse reaction is initially zero.

The rate of the forward reaction decreases, initially quickly but then more slowly.

The rate of the reverse reaction increases, initially quickly but then more slowly.

The rates of the two reactions become equal - this is when dynamic equilibrium is reached.

s wN e

This can all be seen in Figure 1.4.1.

N

—— 1 The rate of the
forward reaction is
initially high.

The system is at equilibrium.

3 The rate of the
forward reaction
decreases, initially

quickly but then

more slowly.

Forward reaction

Rate

T~ 5 The rates of the two reactions
become equal - this is when
dynamic equilibrium is reached.

4 The rate of the
reverse reaction

Reverse reaction increases, initially quickly
but then more slowly.

Sharwood et al. 2008 Nelson VCE Chemistry units 3 and 4

A\ 4

2 The rate of the Time
reverse reaction is
initially zero.

FIGURE 1.4.1 A graph of reaction rate against time for the reaction N,(g) + 3H,(g) = 2NH_(g)
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s, Concentration against time

18
Similarly, a graph can be used to represent the changes in concentration during a reaction
Weblink as it reaches equilibrium. Typically, the reaction starts with only reactants; therefore, the
Concentration vs concentration(s) of:
time graphs R
1. reactants is initially large
2. products is initially zero
3. reactants decreases, initially quickly (steep graph) but then more slowly
4. products increases, initially quickly (steep graph) but then more slowly
5. bothreactants and products plateau (remain constant) when the system reaches equilibrium.
This is shown in Figure 1.4.2.
T | The system is at
[HIll] i equilibrium.
)
i
i
g i
3 I
=
o i
o I
=] I
s 1
© I
2 I
c I
] |
o I
8 I
= i [H]
o T
5 | [1,]
IS i
g i
o I
c I
o I
[&] 1
I
I
I
I
i
(HI] i
] AN
Time Time at which 7
equilibrium has
been reached
FIGURE 1.4.2 A graph of reaction rate against time for the reaction H,(g) + ,(g) = 2HI(g)
position of equilibrium The position of equilibrium is defined as the relative concentrations of the reactants and
g:)en(r;lstt:‘;fions of the products become constant. Even though the concentrations are constant at equilibrium, they
products and reactants are not necessarily the same (Figure 1.4.2).
are at equilibrium Table 1.4.1 summarises the features of graphs of concentration against time and reaction

rate against time.
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TABLE 1.4.1 Graphing concentration and reaction rate against time

m Number of lines Position of line at equilibrium

Concentration Depends on the number of All lines plateau because

vs time reactants and products. Each may | concentrations are constant. They
be represented on the graph by a do not need to be of equal value.
separate line.

Reaction rates Two lines, one each for the The two lines meet and plateau
vs time forward and reverse reactions. because the two rates are equal.
LEARNING CHECK 1.4
DESCRIBING

1 Identify the significance of a plateau in a concentration—time equilibrium graph.

APPLYING

2 Describe how the concentrations of reactants and products can indicate whether
equilibrium has been reached.

3 Describe how monitoring the rate of the forward and reverse reactions can determine
whether equilibrium has been reached.

4 Compare the rates of change of the forward and reverse reactions at the beginning of
a reaction to the rates when the system reaches equilibrium.

9780170483544 CHAPTER 1 | CHEMICAL EQUILIBRIUM 15



CHAPTER
SUMMARY

16 NELSON QCE CHEMISTRY UNITS 3 & 4

Open and closed systems

«  Closed systems (e.g. a sealed reaction vessel) allow the exchange of energy but not matter.

In a closed system, equilibrium can be established.

«  Open systems allow the exchange of matter and energy with the surroundings (i.e. boiling

water in a saucepan with no lid). In an open system, equilibrium cannot be established.

Matter and
energy freely
exchange.
Surroundings Only energy
exchanges.
Matter is
contained.

Open system Closed system

Physical and chemical changes

«  Physical change involves phase changes and no new products (solid = liquid = gas).

«  Physical changes are typically reversible because they involve phase changes only (i.e. ice

melting and freezing).

«  Chemical change involves reactants producing products that are new substances with

different physical and chemical properties (e.g. H,(g) + 1(g) = 2HI(g)).

¢ Chemical changes may or may not be reversible, depending on the activation energy of

the forward and reverse reactions.

«  Both physical and chemical reversible reactions may reach equilibrium.

Chemical equilibrium

Physical equilibrium

Equilibrium established

Decomposition CaO(s) . Coz(g)

CaCOs5(s)

Combination

cannot escape.

Ca0 forms.

© 0 0_0
[+ or o
0% %2 0°0

Ca0(s) + CaCO4(s) undecomposed
+C0,(9)
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Reversible reactions and dynamic equilibrium

. Reactions that can go in the forward or reverse directions () are reversible.
. In dynamic equilibrium, rate of the forward reaction = rate of the reverse reaction.

«  Atequilibrium, the rates of the forward and reverse reactions are equal and the
concentrations of the reactants and products remain constant. The reaction still proceeds
in both the forward and reverse directions.

+  The reversibility of a reaction is governed by the activation energy E,. If E, in both
directions is low, the reaction is likely to be reversible.

«  Dynamic equilibrium may be shown on rate of reaction vs time and concentration vs
time graphs.

Rate vs time graph
N
— 1 The rate of the
forward reaction is
initially high.

The system is at equilibrium.

3 The rate of the
forward reaction
decreases, initially
quickly but then
more slowly.

Rate

Forward reaction

T~ 5 The rates of the two reactions
become equal - this is when

dynamic equilibrium is reached.
4 The rate of the

reverse reaction

Reverse reaction increases, initially quickly
but then more slowly.

Sharwood et al. 2008 Nelson VCE Chemistry units 3 and 4

v

~ 2 The rate of the reverse Time

reaction is initially zero.

Concentration vs time graph for the reaction:
Ha(g) + 15(9) 2HI(g)

N
[Hlll,]
[HI]

[H]
1]

Concentration of reactants and product

[HI]

N

Time AN e

Time at which equilibrium
has been reached
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«  Equilibrium is achieved when the rates of reaction are equal, and the concentrations
remain constant.

«  The initial rates of reaction are high and decrease as the reactions approach equilibrium,
which is indicated on the graph as a plateau.

«  The rates of reaction slow and equalise as they approach equilibrium.

«  The concentrations of reactants and products plateau as they reach equilibrium.

DYNAMIC EQUILIBRIUM

58
g2 Reaction rate against time Concentration against time
Eg
86 N N
3 E
£g
© = o . .
28 Forward Equilibrium is reached and Reactants
z5 reaction the rate of the forward and
ES reverse reactions are equal.
£8
£t g s
8 % 8
o = ©
5 : 4
E B S Constant concentrations
8 3 e at equilibrium
= (7} o
3 o
w
—_— Rever_se Products
reaction
AN AN
. 7 7
Time Time
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MULTIPLE CHOICE CHAPTER

1. Which one of the following statements about dynamic equilibrium is false? EXAM
A Atequilibrium, there is no net change in the system.
B  Atequilibrium, the concentrations of reactants and products stay the same.
C  Atequilibrium, the forward and reverse reactions cease to occur.
D Atequilibrium, the rates of the forward and reverse reactions are equal.

2. A system in which no reactants or products leave the reaction mixture is known as:
A anopen system.
B aclosed system.
C asteady state system.
D apartially closed system.

3. Chemical equilibrium is known as dynamic because, at equilibrium, the:
A equilibrium temperature changes.
B reactants and products continue reacting.
C rates of the forward and reverse reactions change.
D concentrations of the reactants and products continue to change.

4. Reactions in which products cannot turn back into reactants are called:
irreversible reactions.

reversible reactions.

equilibrium reactions.

redox reactions.

© State of Queensland (QCAA) 2023 QCAA paper 12023 MCQ QU

5. Inachemical reaction at equilibrium, a reversible arrow (=) symbolises that:
the forward reaction has stopped but can be reversed.

the moles of reactants and products present are equal.

half of the reactants have been converted into products.

the concentrations of reactants and products remains constant.

goaw»

ogaQwp»

© State of Queensland (QCAA) 2021 QCAA paper 12021 MCQ QU

6. Meltingisa:
A physical change that is reversible.
B chemical change that is reversible.
C physical change that is irreversible.
D chemical change that is irreversible.

7. An open system with an equal rate of inputs and outputs is known as:
chemical equilibrium.

physical equilibrium.

dynamic equilibrium.

steady state.

gcaw»
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8. An example of a physical equilibrium is:
A abathtub with water flowing in from a tap and out of a plughole at the same rate.
B areaction in which chlorine gas is being given off to the surroundings.
C  water being formed and decomposed at the same rate to form H, and O,.
D aclosed container in which water evaporates and condenses at the same rate.

9. The rate of the forward and reverse reactions:
A decreases when the system approaches dynamic equilibrium.
B increases when the system approaches dynamic equilibrium.
C remains the same as the system approaches dynamic equilibrium.
D isslow initially then is fast when the system reaches dynamic equilibrium.

10. The concentration of reactants and products at equilibrium:
A are not likely to be the same but remain constant at equilibrium.
B continuously change when the system equalises.
C  are exactly half of the original concentrations.
D  are exactly the same.

SHORT RESPONSE

11. The following statement is a common misconception about equilibria.
‘At equilibrium, the concentrations of reactants and products will be equal’

Explain why this statement is incorrect.

12. Explain why an open system can never reach equilibrium.

CROSS-CHAPTER QUESTION

13. A mixture of CO(g) and O,(g) was placed into a sealed container. The gases produce

CO,(g) when mixed. This reaction was observed as it reached dynamic equilibrium.

a  Construct a balanced equation to represent this reaction. Include all states and
reversibility.

b  Identify the reactants of the forward reaction.

¢  Identify the products of the forward reaction.

d Describe how the concentration of carbon dioxide would change from the initial
reaction to the concentration at equilibrium.
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DATA ANALYSIS

14. The following graph illustrates the concentrations of N,O, and NO, over time as they
approach equilibrium.

N
6-
NO,
5-
0
S 4 A
E
c
2
F 3-
€
[}
(3]
s
O 2
N,O,
1-
0 T T T T T T )
0 2 4 6 8 10 12

Time (min)

Identify the initial concentrations of N,O, and NO,.
Identify the trend that indicates when the system reached equilibrium.
Identify the time at which the system first reached equilibrium.

Explain why the line indicating N,O, dropped so sharply in the initial stages
of the reaction.

[~V T~ ]

15. Sketch a graph showing the relative concentrations of all species over time if equal
amounts of NO and O, are introduced to a closed container and are allowed to reach
equilibrium in the following reaction:

2NO(g) + O,(g) = 2NO,(g)
Explain the shape of your graph.
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Factors that affect equilibrium

Rabbitmindphoto/Shutterstock.com

SCIENCE UNDERSTANDING
Determine the effect of temperature change on chemical systems at equilibrium by
SYLLABUS S )
considering the enthalpy change for the forward and reverse reactions.
DOT POINTS

Explain the effect of changes of temperature, concentration and pressure on chemical
systems at equilibrium by applying collision theory to the forward and reverse reactions.

Apply Le Chatelier’s principle to determine the effect changes of temperature,

concentration of chemicals, pressure and the addition of a catalyst have on the position
of equilibrium and on the value of the equilibrium constant.

SCIENCE INQUIRY

Investigate factors that affect equilibrium (Le Chatelier’s principle).
Chemistry 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024
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Introduction

When equilibrium is established in a chemical system, the rates of the forward and reverse
reactions are the same and, therefore, the relative amounts of products and reactants
present in the system are constant. If the rates of these reactions alter because of changes
in conditions, such as temperature, concentration of chemicals or pressure, the subsequent
change in rate of reaction means that the system is no longer at equilibrium. The relative
amounts of products and reactants has changed and this will cause the equilibrium to

be re-established and therefore it will be different from the original equilibrium due to the

changes applied to the system.

Either the forward or reverse reaction is favoured as equilibrium is re-established. If the
forward reaction is favoured, then we say that the position of equilibrium has shifted to the
right. This is because more products will be produced, and products lie on the right-hand
side of the equation. If the reverse reaction is favoured, then the position of equilibrium
shifts to the left, as more reactants are produced.

By understanding what happens during a reaction, we can explain the changes in
equilibrium when conditions are altered. This also allows us to choose conditions that best
suit the purpose of the reaction.

Practicals Worksheets

e Effect of temperature on a system at ® Factors that affect equilibrium
equilibrium (teacher demonstration only) * Le Chatelier's principle

® Changing the volume of a gaseous

system at equilibrium (teacher
demonstration only)

. To access resources above, visit

(1 Ke N el.SO n M | ndTa p cengage.com.au/nelsonmindtap

~
L4

CHAPTER 2 | FACTORS THAT AFFECT EQUILIBRIUM
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endothermic reaction a
reaction in which energy
is absorbed from the
surroundings, causing
temperature to decrease

exothermic reaction

a reaction in which
energy is released to the
surroundings, causing
temperature to increase

al
o‘:

Worksheet
Factors that
affect equilibrium

ASSUMED KNOWLEDGE

v The rate of a chemical reaction depends on the frequency of collisions, the energy of the
particles during collisions, and the orientation of the particles.

v Enthalpy is a measure of the energy of a system.

v Activation energy is the minimum amount of energy necessary for molecules to have a
successful collision and react.

v Reversible reactions can occur in both the forward and reverse directions.

v At dynamic equilibrium, the reactions occur in the forward and reverse directions at the
same rate.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v the position of equilibrium can shift to the left or right, depending on the
reaction conditions

v determine the direction of shift to a new position of equilibrium resulting from
temperature changes to a system at dynamic equilibrium

v use collision theory to explain how temperature, concentration and pressure create a
shift to the forward and reverse reactions

v determine the effect changes of temperature, concentration of chemicals and pressure,
and the addition of a catalyst, have on the position of equilibrium

v understand graphs of concentration against time and rate against time graphs to
determine equilibrium processes

v apply Le Chatelier's principle to understand the shift in equilibrium reactions in
theoretical, laboratory or simulated environments.

Changing temperature

Chapter 10 of Nelson QCE Chemistry Units 1 & 2 explores how endothermic and exothermic
reactions relate to the law of conservation of energy, and the relationship between temperature
and enthalpy changes. In an endothermic reaction, the products have more enthalpy than
the reactants, meaning that energy will be absorbed from the surroundings. Alternatively, in
an exothermic reaction, the reactants have more enthalpy than the products and energy
will be released to the surroundings. In a reversible reaction, the reaction in one direction is
endothermic and the reaction in the opposite direction is exothermic. For example, consider the
following reaction:

2NO,(g)=N,0,(g)  AH=-58kJ mol*
According to the enthalpy value, the forward reaction is exothermic. As a result, the reverse
reaction will be endothermic:

N,0,(g2) =2NO,(g)  AH=+58kJ mol"

In both reactions, the activation energy (E) is the difference between the enthalpies of the
activated complex and the reactants. The higher enthalpy of the reactants in the exothermic
reaction means that the exothermic reaction has a smaller activation energy than the
endothermic reaction for the same reversible reaction (Figure 2.1.1).
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Exothermic forward reaction Endothermic reverse reaction
N i AN
Actlvated complex Activated complex Energy is
| absorbed.
Activation energy Activation

—~ energy

Energy
Energy

Enthalpy
change

Energy is

released. Enthalpy

change

Sharwood et al. 2008 Nelson VCE Chemistry units 3 and 4

v
v

Progress of reaction Progress of reaction

FIGURE 2.1.1 Comparing the activation energies of the forward and reverse reactions

Increasing temperature

When the temperature of a system increases, according to collision theory, the rates of the  collision theory for a
forward and reverse reactions increase because there are more collisions between the particles. L‘:”r;g?eltgzgfgglmjz
The rate of the endothermic reaction increases more than that of the exothermic reaction. This  with sufficient energy
is due to the higher energy held by the particles. The increase in temperature increases the 22‘:;?81?;”’”“"“
percentage of particles able to react in the endothermic reaction more than in the exothermic

reaction. This is because a greater E_ isrequired for endothermic reactions than for exothermic

reactions. As a result, the increase in temperature means more particles that previously had

insufficient energy now meet the E,. In turn, this increases the chance of a successful collision

to produce a chemical reaction (Figure 2.1.2).

Endothermic Exothermic
Activation R
Lower a1 " energy g eAr?grvatuon
temperature § | g ay
S ! S
€ £
G G
9] 9]
F=] a
[S £
3 3
b4 ! [ =z . N
7 7
Energy Energy
. Activation _—
Higher aMN ™ energy @A\~ Activation energy
temperature 3 : 3
(7} [T}
) S
£ £
G G
9] 9]
fe) fe)
£ £
3 3
z z
7
Energy Energy

Molecules that have sufficient energy to successfully collide and react

FIGURE 2.1.2 The effect of an increase in temperature on the particles with sufficient energy to
react for both endothermic and exothermic reactions
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As more of the products of the endothermic reaction are produced, the rate of the opposite
exothermic reaction increases. At the same time, the rate of the endothermic reaction decreases
as the reactants are used up. This trend will continue until the two rates are once again equal
and the system is at equilibrium.

The effect of temperature changes on a chemical system can be explained by considering the
enthalpy changes for the forward and the reverse reactions. For example, the reaction between
sulfur dioxide (SO,) and oxygen (O,) to produce sulfur trioxide (SO,) is an exothermic reaction:

280,(g) + O,(g) = 250,(g) AH =-197 kJ mol™

This means that the forward reaction is exothermic and the reverse reaction is endothermic.
If the temperature of the system increases, then the endothermic reaction (the reverse reaction)
will be favoured because there will be energy available for a greater proportion of particles to
overcome the activation energy barrier (E,). This will result in an increase in the concentrations
of SO,(g) and O,(g) and a decrease in the concentration of SO,(g) (Figure 2.1.3a). Therefore, the
position of equilibrium at a higher temperature is shifted to the left (towards the reactants). The
impact of an increase in temperature on the same reaction can be seen in Figure 2.1.3b.

Increase in temperature increases the rate of
both reactions, but more so for the endothermic

CN . o b A reaction o
1 Equilibrium 1 Equilibrium
1 reached . 'reached
I Iy 1
1 LI
| -
1 1
s i S0, |
- | ]
£ ! S0, 2 |
@ ! &’ 1
g : o) i
8 a 2 |
! 1
I I
! 1
I I
! 1
I I
1 1
I N ] N
. 7
T Time T Time 4
Instant system is heated Instant system is heated

Forward reaction
...... Reverse reaction

FIGURE 2.1.3 (a) A concentration vs time graph showing the change in concentrations of reactants and products with an
increase in temperature for the reaction 250,(g) + 0,(g) < 2S0,(g). (b) A rate vs time graph showing the impact of an increase
in temperature on the rate of reaction.

Decreasing temperature

When the temperature of a system decreases:

« the rate of both the forward and reverse reactions decreases according to collision theory

« therate of the endothermic reaction decreases more, meaning that the rate of the exothermic
reaction increases in comparison

« over time, the rate of the endothermic reaction increases while the rate of the exothermic
reaction decreases until the two are equal again and equilibrium is re-established.
Consider the reaction between hydrogen gas (H,) and nitrogen (N,) gas to form ammonia

(NH,). This reaction is exothermic:

N,(g) + 3H,(g) = 2NH,(g) AH =-92.4kJ mol™!
If the temperature of the system decreases, the rate of both the forward and reverse reaction

decreases. However, this decrease in temperature has a smaller effect on the exothermic reaction
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than on the endothermic reaction. As a result, the concentration of ammonia (NH,) increases
and the concentrations of hydrogen gas (H,) and nitrogen gas (N,) decrease. Therefore, at the
reduced temperature, the position of equilibrium shifts to the right (towards the products). This
is shown in Figure 2.1.4.

b
a /\ . . .
r i Equilibrium + Equilibrium
| reached s reached
g : :
5 3 — NH, |
8§38 i . !
- 1 -
£§ : £ :
&2 i Decrease in :
S S 1: temperature :
°8 N - H, decreases the rate 1
(9] 1 A / &
= H Ny of both reactions,”” 1+ '
i but more so for g '
i the endothermic reaction. | .
. 7

WV

'[ Time T Time
Instant system is cooled 5 T el

Forward reaction
------ Reverse reaction

FIGURE 2.1.4 (a) A concentration vs time graph showing the change in concentrations of reactants and products with a
decrease in temperature for the reaction 3H,(g) + N,(g) = 2NH_(g). (b) A rate vs time graph showing the impact of a decrease in
temperature on the rate of reaction.

When the temperature of a system at equilibrium changes, there are no sudden initial

«l
changes in concentration. However, one reaction will be favoured as equilibrium is being re- '..'
established. Therefore, the concentrations gradually change as the system counteracts the
change. This is reflected in the graph’s shape in Figure 2.1.4a. Gradual changes in equilibrium Weblinks

Effect of temperature

graphs are a sign that a temperature change has taken place. at equilibrium

A change in temperature results in a shift in equilibrium that affects the position of
equilibrium, as shown in Table 2.1.17. If the change in temperature favours the forward reaction,
then the concentration of products will increase and the concentration of the reactants will
decrease. Therefore, the position of equilibrium will shift to the right. Alternatively, if the reverse
reaction is favoured, then the concentration of the reactants will increase and the concentration
of products will decrease. This will shift the position of equilibrium to the left.

Equilibria: temperature

TABLE 2.1.1 The effect of a change in temperature on the position of equilibrium

Change in temperature | Forward reaction | Reverse reaction | Favoured reaction | Shift in equilibrium

position
| Increase Exothermic ' Endothermic ' Endothermic/reverse | To the left
_ Endothermic . Exothermic | Endothermic/forward ' To the right
Decrease Exothermic Endothermic Exothermic/forward | To the right
Endothermic Exothermic Exothermic/reverse | To the left

Tip: It is sometimes easier to think of heat as a reactant or product. In endothermic
reactions, heat is absorbed, so it can be considered a reactant. An increase in heat will drive the
reaction forward. In exothermic reactions, heat is released, so it can be considered a product.
An increase in heat will drive the reaction in the reverse direction to use up the released heat.
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PRACTICAL ACTIVITY 2.1.1

EFFECT OF TEMPERATURE ON A SYSTEM AT EQUILIBRIUM
(TEACHER DEMONSTRATION ONLY)

Introduction

An equilibrium will exist between [Co(H,0) J** and [CoCl,]*- when they are in a solution. The equation representing this is:

[Co(H,0)J**(aq) + 4Cl-(ag) = [CoCl,]**(aq) + 6H,0(])

The [Co(H,0),]** ion is a pink colour, whereas the [CoCl]* ion is a deep blue colour. Therefore, the relative
concentrations of the ions and the position of equilibrium will be indicated by the colour of the solution. A blue
solution indicates a high concentration of [CoCl,]*>- compared to [Co(H,0) ]*. A pink solution indicates a high
concentration of [Co(H,0) ]* compared to [CoCl,]*.

Research question

How does a change in temperature affect the position of an equilibrium reaction?

Aim

To observe the effect of changing the temperature of a system at equilibrium

Materials

RISK
ASSESSMENT

3 g cobalt(ll) chloride-6-water (CoCl,.6H,0)

5 mL of concentrated hydrochloric acid (HCI)
distilled water

3 large test tubes

test-tube racks

N

What are the risks in doing this experiment?

Chemicals may splash onto your skin or into
your eyes.

test-tube tongs
Bunsen burner
heat mat
forceps

How can you manage these risks to stay safe?

Wear safety glasses and wash your hands at the end
of the experiment.

Concentrated HCl is very corrosive to skin
and clothes.

Wear gloves and an apron. If any acid comes in contact
with skin, wash it immediately with plenty of water.
Teacher demonstration only.

Cobalt(ll) chloride-6-water may irritate
eyes, skin and respiratory systems. It may
cause cancer, genetic defects and may
damage fertility.

Handle with extreme care. Use in a well-ventilated
area. Wear gloves, safety glasses and an apron. If

any of the chemical comes in contact with skin, wash
it immediately with plenty of water. This chemical
should not be handled by pregnant women. Women of
reproductive age should handle this chemical carefully.

Cobalt(ll) hexahydrate is toxic to aquatic life.

Dispose of the solution correctly.

Heating chemicals in a test tube can
be hazardous.

Always point the test tube away from people.

Copy the risk assessment table in your write-up. Add any more risks you can think of, and ways to manage them.
Online demonstration videos that illustrate this equilibrium change may be preferred if there are concerns with the
safety of this demonstration.
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Procedure
1 Your teacher will demonstrate this experiment.

2 Use the forceps to pick up a pea-sized amount of CoCl,.6H,0. Dissolve it in 1-2 mL of distilled water in a test
tube. Observe and record the colour of the resultant solution. Place the test tube in a test-tube rack and keep it
as areference.

3 Dissolve a pea-sized amount of CoCl,.6H,0 in 1-2 mL of concentrated hydrochloric acid in a test tube. Observe and
record the colour of the resultant solution. Place the test tube in a test-tube rack and keep this as a reference.

4 Dissolve a pea-sized amount of CoCl,.6H,0 in 1-2 mL of distilled water in a test tube. Gently heat the solution
over the Bunsen burner until the solution is almost boiling. Place the test tube in a test-tube rack and then
observe and record the colour change.

5 Allow the third test tube to cool down, observing and recording the colour change.

Results

Record your results in a carefully formatted table.

Analysis of results
1 Identify the colour change observed when the test tube was heated.
2 Identify the colour change observed when the test tube cooled down.

Interpretation

3 Explain what the colour changes indicate about the relative proportion of the two ions.

4 Identify which reaction was favoured when the test tube was heated. Classify the forward reaction as
exothermic or endothermic. Explain your answer.

Evaluation

5 Predict how the equilibrium position for this reaction would change with a decrease in temperature. Explain
your answer.
6 Identify other factors that may have contributed to the observations.

7 What conclusion can you draw about the effect of temperature on the equilibrium between [Co(H,0) ]**
and [CoCl |>?

LEARNING CHECK 2.1

DESCRIBING
1 Complete the following statements by using the word ‘exothermic’ or ‘endothermic’.
a Raising the temperature of a system at equilibrium will favourthe _____ reaction.
b Lowering the temperature of a system at equilibrium will favourthe ____ reaction.
¢ Theactivationenergyofan_____ reactionis greaterthanthatofan ____ reaction.

2 Consider the exothermic reaction N,(g) + 3H,(g) = 2NH,(g).

a Describe the effect of increasing temperature on the yield of ammonia (NH,).
b Identify whether the position of equilibrium shifts to the left or the right if the temperature is increased.

APPLYING

3 Explain why raising the temperature affects the rate of exothermic and endothermic reactions differently.

4 Explain why equilibrium graphs showing a temperature change shows gradual rather than sudden changes to
the concentrations of reactants and products.
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concentration a measure
of the amount of solute in
a given volume of solvent

&

Syllabus link

Chapter 19 of Nelson

QCE Chemistry

Units 1 & 2 describes

collision theory in
greater detail.

«l
o‘:

Weblinks
Collision theory

Effects of changing

concentration
on equilibrium

Changing concentration

From our understanding of collision theory and reaction rates from Chapter 19 of Nelson QCE
Chemistry Units 1 & 2, we know that increasing the concentration of a reactant will increase
the rate of the reaction because of the increased number of collisions (given sufficient energy). In
a reversible reaction, if the concentration of a reactant is increased, then the rate of the forward
reaction will increase. Alternatively, if the concentration of a product is increased, then the rate
of the reverse reaction will increase.

If the concentration of one chemical in a system at equilibrium is increased, then the rate
of the reaction that uses that chemical will increase. This will use up some of the additional
chemical, reducing the concentration, and therefore this rate will gradually decrease. At
the same time, the rate of the opposite reaction will increase, as more of its reactants are
produced. Eventually the rates of the two reactions once again become equal, so equilibrium is
re-established. Consider the reaction between hydrogen (H,) and iodine (I,) to form hydrogen
iodide (HI):

H,(g) + L(g) = 2HI(g)

+ Ifmore I, is added to the system, its concentration is increased.

 Becausel, isareactant for the forward reaction, the rate of the forward reaction will increase.

« This means that the concentration of H, and I, will begin to decrease while the concentration
of HI will increase, as shown in Figure 2.2.1.

« Asmore HI is produced, the rate of the reverse reaction will begin to increase.

« This pattern will continue until the rates of the forward and reverse reactions are once again
equal. At this time, the concentrations of each chemical will remain constant.

+ The new concentration of I, will be lower than the concentration after the addition of the
extra I,. However, it will not return to the original concentration because a new position of
equilibrium has been reached.

Rate of forward reaction increases more than

b rate of the reverse reaction until equilibrium
N ' Hibyri is established again.
: Equﬂrl‘bgum N g i Equilibrium
i reache | reached
1 1
G ! |
B | :
c 2 ! ol ] La=== 1
g5 ! g _ge !
88 ! c | Forward reaction ~ |,* |
SE : Ii,] 8 | Reverse reaction |
O + I} 1
(&) 8 : x 1
] | 1
o \ ' :
L [H)] i
1 |
1 1
i " i
. 7 N
Time T Tme ?
Instant [I,] is increased Instant [I,] is increased
FIGURE 2.2.1 (a) A concentration vs time graph showing the change in concentrations of [HI], [I,] and [H,] after an increase
in [L,], (b) A rate vs time graph showing the changes in the rate of reaction when I, is added.
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The same logic can be applied to a decrease in concentration:
o A sudden decrease in concentration will lead to a decrease in the rate of the reaction that

uses that substance. :‘ ‘:

« Over time, the concentration of the reactants for that reaction will increase as less of each is
used up, while the concentration of the products for that reaction will decrease. Weblink

« However, the concentration of the substance that was removed will not return to its Chsg;?:;?igzrfm
original value. concentration

TABLE 2.2.1 The effect of a change in concentration on equilibrium

Imposed change Reaction | Shiftin Resultant change | Resultant change
favoured | equilibrium | in concentration in concentration of

Product or Increase or decrease of reactants izl

reactant altered | in concentration

Reactant Increase Forward To theright | Decrease Increase

Reactant Decrease Reverse To the left Increase Decrease

Product Increase Reverse To the left Increase Decrease

Product Decrease Forward To theright | Decrease Increase

PRACTICAL ACTIVITY 2.21

EFFECT OF CHANGES IN CONCENTRATION ON EQUILIBRIUM
(TEACHER DEMONSTRATION ONLY)

Introduction
In an aqueous solution of chromate or dichromate salts, an equilibrium will exist between the two ions:
2Cr0,*(aq) + 2H*(ag) = Cr,0.%(aq) + H,0(1)
Yellow Orange

The chromate ion (Cr0,>) is yellow and the dichromate ion (Cr,0,>) is orange. Therefore, the colour of the solution
indicates the relative proportions of the two ions, and hence the position of equilibrium. If the solution is yellow, then
there are more chromate ions than dichromate ions and the equilibrium lies more to the left. If the solution is orange,
there are more dichromate ions than chromate ions and equilibrium lies to the right.

Research question

What effect does changing the concentration of hydrogen ions (H*) have on an equilibrium reaction involving
chromate ions (Cr0,>)?

Aim

To observe the effect of a change in concentration of a reactant on a system at equilibrium

Materials

+  5mL of 0.1 mol L potassium chromate (K,CrO,)

+  5mL of 0.1 mol L potassium dichromate (K,Cr,0.)

«  5mL of 0.2 mol L' sodium hydroxide (NaOH) in a dropper bottle
«  5mL of 0.2 mol L™ hydrochloric acid (HCI) in a dropper bottle

+ distilled water

* 4testtubes and test-tube rack

» 2 graduated droppers
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ASSESSMENT | Chemicals may splash onto your skin or into your | Wear safety glasses and wash your hands at the

& What are the risks in doing this experiment? How can you manage these risks to stay safe?
RISK

eyes. end of the experiment.

0.2 mol L™ HCl is corrosive to skin and clothing. | Wear gloves, safety glasses and an apron.

0.2 mol L' NaOH may irritate eyes and skin. Wear gloves, safety glasses and an apron.

Potassium dichromate and potassium chromate | Handle with extreme care. Wear gloves,

are oxidising agents and may cause cancer and safety glasses and an apron. Keep away from
respiratory allergic reactions. May cause genetic | combustible materials. Do not dispose of these
defects in unborn children or fertility problems. chemicals down the sink. These chemicals
should not be handled by pregnant women.
Women of reproductive age should take special
care when handling these chemicals.

Copy the risk assessment table in your write-up. Add any more risks you can think of, and ways to manage them.

Online demonstration videos that illustrate this equilibrium change may be preferred if there are concerns with the

safety of this demonstration.

Procedure

1
2

Your teacher will demonstrate this experiment.

Place approximately 1 mL of 0.1 mol L~ potassium chromate (K,Cr0,) into a test tube. Observe the colour and
keep this test tube as a reference for the colour of the chromate ion.

Place approximately 1 mL of 0.1 mol L~ potassium dichromate (K,Cr,0.) into a test tube. Observe the colour and
keep this test tube as a reference for the colour of the dichromate ion.

Place approximately 1 mL of 0.1 mol L' K,CrO, into a clean test tube. Add 0.2 mol L™ hydrochloric acid to the
solution drop by drop until a colour change is observed. Compare this colour with your reference test tubes.
To the same test tube used in step 3, add 0.2 mol L~ sodium hydroxide drop by drop until a colour change is
observed. Compare this colour with your reference test tubes.

Place approximately 1 mL of 0.1 mol L™ K,Cr,0, into a clean test tube. Add 0.2 mol L' sodium hydroxide to the
solution drop by drop until a colour change is observed. Compare this colour with your reference test tubes.
To the same test tube used in step 6, add 0.2 mol L™ hydrochloric acid drop by drop until a colour change is
observed. Compare this colour with your reference test tubes.

Results

Present your observations in a simple table.

Analysis of results

1

3

32

a Identify what happened to the colour of the chromate solution when the hydrochloric acid was added.
b Explain why this occurred.

a Describe what happened to the concentration of hydrogen ions when the sodium hydroxide was added to
the chromate solution.

b Construct an equation to demonstrate this reaction.

¢ Describe the colour change that was observed in step 5.

d Explain why this colour change happened.

Justify why the colour changed or remained the same in steps 6 and 7.

NELSON QCE CHEMISTRY UNITS 3 &4 9780170483544



Interpretation

4 Compare the colours observed in steps 4-7 to the reference test tubes. Suggest a reason for any changes
that occurred.

5 The volumes used in this experiment were approximate volumes. Identify the effect (if any) of this on the
results. Explain your answer.

Evaluation

6 Draw conclusions regarding the shift in equilibrium after:

a anincrease in concentration of a reactant or product
b adecrease in concentration of a reactant or product.

LEARNING CHECK 2.2

DESCRIBING

1 Describe what is meant by an increase in concentration.
2 Explain collision theory, in terms of increasing concentration and rate of reaction.

APPLYING
3 Explain why increasing the concentration of one reactant affects the position of
equilibrium of a system.

4 Identify the trend that would be expected in results for all three components of the
equilibrium reaction A + B = C if C was suddenly removed from the system at equilibrium.

Volume, pressure and catalysts

Volume and pressure

When the volume or pressure of a gaseous system changes, the concentrations of all gaseous
substances are altered. This means that the concentration of both reactants and products
may change. The one that changes the most will have the greatest influence on the change of
equilibrium. Volume affects the pressure of a system. As volume is decreased, pressure (and
concentration of gases) increases because the same number of particles of gas are in a smaller
volume. This is illustrated by Figure 2.3.1.

Syrmge
°® L) .- .'.
'H?
Larger volume = lower pressure = lower concentration Smaller volume = higher pressure = higher concentration

FIGURE 2.3.1 In a gaseous system, as volume decreases, pressure (and concentration of gases) increases.

9780170483544 CHAPTER 2 | FACTORS THAT AFFECT EQUILIBRIUM

33




For the reaction between nitrogen gas and hydrogen gas producing ammonia, three molecules
of H, and one molecule of N, are used for every two molecules of NH, produced:

N,(g) + 3H,(g) = 2NH,(g)

so there is a 4:2 ratio of gas molecules of reactants to products.

« If the volume of the system is halved, then the pressure and, therefore, the concentration of
all the gases will double.

« Therefore, the rates of both the forward and reverse reactions will increase because there
will be more collisions between gas particles.

« There are proportionally 4 moles of reactant gases (3H, + N,) to 2 moles of product gases
(2NH,). So the rate of forward reaction will increase more than that of the reverse reaction.

« Asthe reactions proceed, the concentrations of hydrogen and nitrogen will decrease and the
concentration of ammonia will increase.

« Similarly, the rate of the forward reaction will decrease and the rate of the reverse reaction
will increase until equilibrium is re-established.

« The opposite will happen if the volume of a gaseous system is increased for the same reaction
(Figure 2.3.2).

N

Initial Adjustment | Final
equilibrium  period ! equilibrium

o
[e))
!

ot
w
|

product (mol L™")
o
~
1

Concentration of reactants and

N
T Time 4

Instant at which volume doubles

FIGURE 2.3.2 Changes in [H,], [N,] and [NH,] after an increase in volume (and therefore decrease in
pressure and concentration)

Where there are equal numbers of molecules of gases in the reactants and products, and if
the volume changes, the concentration of reactants and products change equally. Therefore, the
rates of both the forward and reverse reactions also change equally and remain equal. Therefore,
equilibrium has not been altered.

For example, in the reaction:

H,(g) +1,(g) = 2HI(g)
)
0‘.‘ there is an equal number of moles of gas on both sides. A change in the volume of the container
would not alter the position of equilibrium.
Weblink Adding an inert gas also does not alter the position of equilibrium. Although there is in
Volume effect overall increase in the total pressure, the particles do not take part in the reaction and therefore

on equilibrium

do not affect the equilibrium reaction.
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PRACTICAL ACTIVITY 2.3.1

CHANGING THE VOLUME OF A GASEOUS SYSTEM AT EQUILIBRIUM
(TEACHER DEMONSTRATION ONLY)

Introduction
An equilibrium exists between the gases nitrogen dioxide (NO,) and dinitrogen tetroxide (N,0,):
2NO,(g) = N,0,(9)

Brown Colourless
Nitrogen dioxide is a brown gas, whereas nitrogen tetroxide is colourless. This means the colour can indicate
the proportion of gases in the mixture. A darker brown indicates a greater concentration of NO, and therefore an
equilibrium that lies further to the left. Conversely, a lighter brown colour indicates a lower concentration of NO, and
therefore an equilibrium that lies further to the right.
Research question
How does decreasing the volume affect an equilibrium reaction involving nitrogen dioxide?
Aim
To observe the effect of changing the volume of a gaseous system at equilibrium
Materials

* large, transparent syringe containing NO,/N,0,
« digital camera

& What are the risks in doing this experiment? How can you manage these risks to stay safe?
RISK
ASSESSMENT | NO,/N,0, is hazardous if inhaled or if it Ensure the syringe is sealed. Conduct the experiment
comes into contact with skin, eyes or mucous | in a fume hood. Use small amounts only.
membranes. Teacher demonstration only.

Copy the risk assessment table in your write-up. Add any more risks you can think of, and ways to manage them.
Online demonstration videos that illustrate this equilibrium change may be preferred if there are concerns with the

safety of this demonstration.

Procedure

1 Your teacher will demonstrate this experiment.
2 Observe the colour of the gas mixture in the syringe.

3 Quickly push in the plunger of the syringe to reduce the volume. Observe the immediate change in the colour of
the gas mixture and then the changes that occur over the next few seconds as equilibrium is re-established.

Results

Record your observations in a table or use the digital camera to video the results.

Analysis of results

1 a Identify what happened to the intensity of the colour when the volume was initially reduced.
b  Explain why this occurred.

2 a Identify what happened to the intensity of the colour as equilibrium was re-established.
b  Explain why this occurred.

Interpretation

3 Use your knowledge of collision theory to explain the changes that were observed.
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4 Predict the changes that would be observed if the volume of the system were increased. Your teacher may
demonstrate this for you so that you can see whether your prediction is correct.

5

Identify the factors that would affect the changes observed in a gaseous system when the volume is altered.

Evaluation

6 Draw conclusions about the shift in equilibrium position and colour changes observed when the volume is
changed in a gaseous system.

Diluting an aqueous system

If the volume of a solution is changed by adding or removing water, then the same principles
apply as for a gaseous system because the concentration of all aqueous substances will change.

If water is added to the solution, then the concentrations of all aqueous components

will decrease.

The rate of the reaction that uses the greater proportion of aqueous molecules will initially

decrease the most.

The rate of this reaction will then gradually increase while the rate of the opposite reaction

will decrease until the two are once again equal and equilibrium is re-established.
Consider the equilibrium between chromate and dichromate:

2Cr0,*(aq) + 2H*(aq) = Cr,0,*(aq) + H,0(I)

Figure 2.3.3 shows the changes in concentration when a mixture of chromate and

dichromate at equilibrium is diluted.

When water is added to the solution, the concentration of all the aqueous substances
will decrease.

In aqueous solution the concentration of water is assumed to be constant. Therefore, on
the graph there will be sudden drops in the concentration of chromate, hydrogen ions
and dichromate.

As four aqueous molecules are used to produce only one, this will use up dichromate and
produce chromate and hydrogen ions.

[Cr0,> 1 and [H']

[Cr,0,%7]

Concentrations of reactant and product

\ %4

T Time Equilibrium re-established

Water added

FIGURE 2.3.3 Changes in the concentration of Cr0,> and H* (reactants) and Cr,0.* (product)
following dilution for the reaction 2Cr0,%(aq) + 2H*(aq) = Cr,0,%(aq) + H,0(l)
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« Therefore, the concentration of chromate and hydrogen ions will increase while the
concentration of dichromate will decrease until the concentrations once again plateau and
remain constant.

Catalysts

Catalysts speed up the rate of reaction. Adding a catalyst does not affect the position of
equilibrium but it does affect how quickly equilibrium is reached. A catalyst decreases the
activation energies of both the forward and reverse reactions equally. The rates of both
reactions will increase; however, they change by the same proportion. Hence, the equilibrium is
not disturbed.

LEARNING CHECK 2.3

DESCRIBING

1 Which of these reactions will not be affected in terms of equilibrium position by a
reduction in total volume? Explain your answer.

a 2H,(g) + 0,(g) = 2H,0(g)

b 2CO(g) +0,(g) = 2C0,(g)

¢ N,(g)+0,(g) = 2NO(g)
APPLYING

2 Explain why altering the volume of a gaseous system affects the position of equilibrium.

3 Explain why diluting an aqueous system has the same effect as increasing the volume
of a gaseous system.

Le Chatelier’s principle

Henri Louis Le Chatelier summarised the trends involved in a change in the conditions of a
system at equilibrium in Le Chatelier’s principle. This principle can be used to predict the
changes that will occur after a change in concentration of chemicals, pressure, volume or
temperature of a system.

KEY CONCEPT
Le Chatelier’s principle

If a system at equilibrium is subject to a change in conditions, then the system will behave
in such a way so as to partially counteract the change.

To use Le Chatelier’s principle to predict the outcome of a change in conditions, consider
the following.
«  What is the change imposed?
« What is the opposite of the change? This is what the system will do.
«  Which reaction is favoured (if any) - the forward or reverse?
« Does equilibrium shift to the left or right?
«  What happens to the concentration of each aqueous substance or gas?

9780170483544

catalyst a substance that
affects the rate of certain
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that if a change is
imposed on a system
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Weblink
Le Chatelier’s principle
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An important part of the principle is that the system will work to only partially counteract
the change. This means that the system does not fully negate the change imposed.

Using Le Chatelier’s principle to predict
the effect of changes in temperature

If the temperature of the system is increased, then according to Le Chatelier’s principle
the system will react to decrease the temperature. To do this, the endothermic reaction
will be favoured because it uses energy. Alternatively, if the temperature is decreased, then
the exothermic reaction will be favoured, in order to produce heat energy to increase the
temperature (as seen in Table 2.1.1).

Consider again the production of ammonia:

N,(g)+3H,(g) = 2NH,(g)  AH=-92.4kJ mol"

« This reaction as written is an exothermic reaction, which releases heat.

« Therefore, if the temperature of the system is increased, the endothermic reaction will be
favoured to use up the added heat energy.

« This will favour the reverse reaction, resulting in an increase in the concentrations of
hydrogen and nitrogen gas and a decrease in the concentration of ammonia (Figure 2.4.1).

« Conversely, if the temperature is decreased, then the exothermic reaction will be favoured to
release more heat.

« This will result in the forward reaction being favoured, increasing the concentration of
ammonia and decreasing the concentrations of hydrogen and nitrogen gas.

N

: Equilibrium
| reached
|
| H,
|

s |

= |

c |

2 |

© |

5 |

S |

] |
|
|
|
|
|
|
' NH,
|

A4

T Time

Temperature is increased.

FIGURE 2.4.1 The effect of increasing temperature at equilibrium for the reaction involving the
production of ammonia

Using Le Chatelier's principle to predict
the effect of changes in concentration

According to Le Chatelier’s principle, when the concentration of a substance involved in a
reaction is altered, the system will react to counteract the change and return the concentration
towards its original level.
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« Ifthe concentration of a reactant is increased, then the system will respond to decrease it by
favouring the forward reaction, which uses up the reactant.

« This shifts equilibrium to the right, increasing the concentration of the products and
decreasing the concentration of the reactants.

« However, the concentration of the substance added will not return toits original concentration
because the system can only partially counteract the change.

Alternatively, if the concentration of a product is decreased, then the system will favour the
reaction that produces products to increase the concentration again. Therefore, the forward
reaction will be favoured and equilibrium will shift to the right.

Consider the equilibrium established during the production of ammonia:

N,(g) + 3H,(g) = 2NH (g)

» If more hydrogen gas is added to the container without a change in volume, then the

concentration of hydrogen gas will increase. :l ,
« According to Le Chatelier’s principle, the system will react to reduce this increased &

concentration, thus favouring the forward reaction, which uses up hydrogen gas.
. . . . : blink
o Therefore, the reaction will shift to the right, the concentrations of hydrogen gas and Lo Chétev::r,s'"prisndple "
nitrogen gas will decrease, while the concentration of ammonia will increase (demonstrated chemical equilibrium
in Figure 2.4.2). Applying Le

Chételier’s principle

I Equilibrium
| reached

5 He
= |
c |
2 |
=
© |
= |
S |
Q
o |
S |
51
o |
|
Ny

=z
T
<

A4

T Time
H, is added

FIGURE 2.4.2 The effect of adding H, at equilibrium for the reaction involving the production
of ammonia

Using Le Chatelier’s principle to predict
the effect of changes in volume

If the volume of a gaseous system is changed, then the concentration of all the gaseous
substances will be altered.

According to Le Chatelier’s principle, the system will react to reverse the change in the
total concentration (or pressure). To determine whether the forward or reverse reaction will
achieve this change, consider the number of gaseous molecules in the reactant and products.
The reaction that produces more molecules of gaseous substances will increase the total
concentration or pressure, while the reaction that uses more molecules will decrease the total
concentration or pressure.
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~t For example, in the reaction between nitrogen gas and hydrogen gas to produce ammonia,
e
“is four gaseous molecules are used to make two gaseous molecules:

N,(g) + 3H,(g) = 2NH,(g)

Worksheet

Le Chatelier's principle « If the volume of the system is decreased, then the total pressure will increase.

« According to Le Chatelier’s principle, the system will react to decrease the total pressure.

« In this reaction, the forward reaction uses more molecules than it produces, thus decreasing
the total number of particles and therefore the pressure. Therefore, the forward reaction will
be favoured if the pressure increases.

Equilibrium

Concentration (M)
z
N

\ 4

Volume is decreased.

FIGURE 2.4.3 The effect of decreasing volume at equilibrium for the reaction involving the
production of ammonia

LEARNING CHECK 2.4

DESCRIBING

1

Define:
a endothermic reaction
b Le Chatelier’s principle.

2 The following equilibrium reaction shows carbonic acid forming in soda water when carbon dioxide is added.
CO,(g) + H,0(l) = H,CO,(aq) AH =-15kJ mol~
Describe the direction of the shift of an equilibrium reaction according to Le Chatelier’s principle for the
following changes.
a The amount of carbon dioxide increases.
b The productis removed.
¢ The soda water is cooled.

APPLYING

3 Silverions can be removed from solution by adding carbonate ions:

2Ag*(aq) + CO,% (aq) = Ag,CO,(s)

Describe one change to the equilibrium reaction that would increase the amount of silver ions removed from
the solution.
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4 Soluble sodium hypochlorite (NaClO) pellets are used in swimming pools to help kill bacteria and algae:
ClO-(aq) + H*(ag) = HCIO(aq) + heat
Use Le Chatelier’s principle to predict the changes that would occur for each of the following. (Assume the pool
is covered and is therefore a closed system.)

a Adding more sodium hypochlorite pellets
b Adding sodium hydroxide
¢ The pool warming up on a hot day
5 The graphin Figure 2.4.4 shows the concentration of the reactant and product for the reaction:
N,0,(g) = 2NO,(9)
Use Le Chatelier’s principle to explain the changes seen in the graph.

NO, 2x

Concentration of reactant and product

\ 4

Time\Change made

FIGURE 2.4.4 The concentration of the reactant and product for the reaction N,0,(g) = 2NO,(g)
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Effect of temperature, concentration, volume and pressure (collision theor
CHAPTER P pressure { Y

SUMMARY + Temperature: Higher temperatures increase the kinetic energy of particles, causing

more frequent and energetic collisions. This typically speeds up both forward and reverse

reactions, but the effect on equilibrium depends on whether the reaction is endothermic

or exothermic.

- For an endothermic forward reaction (AH > 0), increasing temperature shifts the
equilibrium towards the products (to the right).

- For an exothermic forward reaction (AH < 0), increasing temperature shifts the
equilibrium towards the reactants (to the left).

«  Concentration: Increasing reactant concentration shifts equilibrium towards the
products as the reactants have more frequent collisions. Increasing product concentration
shifts it towards the reactants because the products have more frequent collisions.

«  Pressure: For reactions involving gases, increasing pressure (by decreasing volume)
shifts the equilibrium towards the side with fewer moles of gas because the side with
more moles of gas collide and react.

«  Volume: Changing volume affects the overall concentration and pressure of the reaction.
An increase in volume decreases pressure and the overall concentration of species.

The reaction will shift to the side with more moles of substance. A decrease in volume
increases the pressure and concentration of all species. The reaction will shift to the side
with fewer moles of substance.

Le Chatelier’s principle — changes in temperature, concentration, pressure
and catalysts

«  Le Chatelier’s principle: ‘If a system at equilibrium is subject to a change in conditions,
then the system will behave in such a way so as to partially counteract the change’.

«  Temperature: An increase in temperature favours the endothermic reaction to
counteract the change. A decrease in temperature favours the exothermic reaction to
counteract the change.

«  Concentration: If reactants are added, the equilibrium shifts towards the products. If
products are added, the equilibrium shifts towards the reactants.

«  Pressure: In reactions involving gases, increasing pressure shifts the equilibrium
towards the side with fewer gas molecules. Decreasing pressure favours the side with
more gas molecules.

«  Catalysts: Catalysts do not shift the position of equilibrium but speed up both the
forward and reverse reactions equally, helping the system reach equilibrium faster.
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Equilibrium graphing

«  Graphs of concentration against time and rate against time are ways of visualising

changes to a system at equ

ilibrium.

. At equilibrium, the rates are equal, and the concentrations are constant. A disturbance
to the equilibrium is represented as changing concentrations and rates until the system

re-establishes equilibrium

again.

Concentration versus time and rate versus time graphs showing changes to
systems at equilibrium for the reaction: H,(g) + 1,(g) = 2HI(g)

N | Equilibrium
| reached
1
- I
S |
—
28 :
oo H
B2 '
= @© |
@ !
S5 T [12]
o ° |
© (] 1
@ \ 1
1
: [H]
1
1
: N
T Time 7
Instant [I,] is increased
9780170483544

Rate of forward reaction increases more than

rate of the reverse reaction until equilibrium
A is established again. . o
i Equilibrium

| reached

Forward reaction

Reverse reaction

Reaction rate

T
I, added

Time
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MULTIPLE CHOICE

CHAPTER

EXAM Question 1 relates to the following information.
The following equation describes a system at A_/— Fe(SCN)**
equilibrium: 5
k] ~———Fe®"
Fe**(aq) + SCN-(aq) = Fe(SCN)*(aq) £
o
. c
The following graph reflects what happens when 8 LSCN’
a change is made to the equilibrium system in the
reaction at time ¢ . - >
! T Time

1. Which one of the following would be a valid
reason for the changes at time ¢,?
A Anincrease in temperature
B A decrease in temperature
C Addition of Fe**
D Removal of Fe(SCN)**

CITIYSN VCAA paper 12007 MCQ Q7 )

2. When 2-propanol reacts to form an equilibrium mixture with propanone and hydrogen,
which one of the following best represents how the rates of the forward and back
reactions change over time?

AN B A
\ \
o| ~ CaHeO(g) + Ha — C3Hg0(g) ol T~ C3Hg0(g) - C5HeO(9) + Hy
P I el T mmm-
C3HgO(g) — C3Hg0(g) + H, C3HgO(g) + H, — C5Hg0(g)
AN N
Time 4 Time 4
C A b A
o| 'y C3He0(@) + Hy — C3HgO(g) o| ' CsHgO(g) > C3HeO(g) + H,
© N © N
C3HgO(g) — C3HgO(g) + H, C3HgO(g) + H, — C5Hg0(g)
AN N
Time 4 Time 7

3. The following reaction is used in the contact process to produce sulfur trioxide:
250,(g) + 0,(g) = 2S0,(g)3AH = —197 k] mol™

The equilibrium yield of sulfur trioxide can be increased by:
increasing the temperature.

removing sulfur trioxide as it forms.

increasing the pressure at constant temperature.
increasing the volume of the container.

gcawp
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© State of Queensland (QCAA) 2023 QCAA paper 12023 MCQ Q4 )

4. Identify which change would shift the system from light purple to dark purple.

2HI(g) = H(» + 1L AH =+53.6 kJ mol™!
Colourless Colourless Purple
Adding HI(g)
Adding a catalyst

Decreasing the temperature
Increasing the concentration of H (g)

© State of Queensland (QCAA) 2021 QCAA paper 12021 MCQ Q1 0)

Determine which system at equilibrium will shift to the right (products) if the total
pressure on the system is increased.

A N,0,(g)~2NO,(g)

B 2H,0(g) = 2H,(g) + O,(g)

C 2S0,(g)+0,(g)~=2S0,(g)

D CO(g)+H,0(g) = CO,(g)+ H,(g)

ogawp»

6. According to Le Chatelier’s principle, what happens when the concentration of a reactant
isincreased in a system at equilibrium?
A The equilibrium position shifts towards the left (reverse reaction).
B  The equilibrium position remains unchanged.
C The equilibrium position shifts towards the right (forward reaction).
D The rate of the reverse reaction increases permanently.

7. Identify which of the following does not have an effect on the position of equilibrium.
A Adding a catalyst to the system
B  Adding more reactants to the system
C Increasing the pressure of the system
D Decreasing the temperature of the system

8. Areaction mixture of PCl,(g) = PCl (g) + Cl,(g) is at equilibrium. The forward reaction
is endothermic. Identify the effect on the position of equilibrium if the temperature
is increased.
A The equilibrium shifts to the left.
B The equilibrium shifts to the right.
C The equilibrium position remains unchanged.
D Both the forward and reverse reactions stop.

Questions 9 and 10 relate to the following information.

The following reaction is studied in a laboratory:

3H,(g) + N,(g) = 2NH.(g) AH =-92kJ mol™

A mixture of hydrogen, nitrogen and ammonia is held in a sealed container at equilibrium.

9. Identify which direction the equilibrium will shift if the volume of the system is doubled.
Right, to form more NH,(g)

Left, to form more NH,(g)

Right, to form more H,(g) and N (g)
Left, to form more H_(g) and N_(g)

ogaQwp»
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10. Identify which direction the equilibrium will shift if the temperature is increased.

A Right, to form more NH (g)

B Left, to form more NH,(g)

C Right, to form more H (g) and N (g)

D  Left, to form more H (g) and N (g)
SHORT RESPONSE

© State of Queensland (QCAA) 2023 Modified from QCAA paper 2 2023 MCQ 07)

11. When heated in a sealed container, solid mercury(II) oxide (HgO) decomposes to form
metallic mercury (Hg) and oxygen gas (O,).

2HgO(s) = 2Hg(D) + 0,(g)

Orange Silver Colourless

a  Identify whether the reaction occurs in an open or closed system.

b Explain why the colour of the system does not change once equilibrium
is established.

c Identify which colour will be seen in the system if the equilibrium shifts to
the left.

12. For the reaction:
N,0,(g)=2NO,(g)  AH=+57.2k]J

Predict the effect of each of the following changes on an equilibrium mixture of N,O,

and NO.,,.

a  AddingN,O,

b  Adding NO,

c  Adding heat

d Removing N.O,

e Increasing the pressure

CROSS-CHAPTER QUESTION

13. In the reaction:
N,(g) +3H,(g) =~ 2NH,(g) AH =-92.4kJ mol™!

a  Explain how an increase in temperature would affect the position of equilibrium,
according to Le Chatelier’s principle.

b  Identify and explain how the enthalpy change (AH) of the forward reaction
influences the energy profile of the reaction and its activation energy.

c Predict the effect on the reaction rate if the reaction took place at a
lower temperature.

46 NELSON QCE CHEMISTRY UNITS3 &4 9780170483544



DATA ANALYSIS

CITIYSN Modified from VCAA NHT paper 2 2022 SA Q14
14. Interpret evidence

The following equation represents the reaction between sulfur dioxide gas (SO,) and
chlorine gas (CL).

SO,(g) + CL(g) = SO,CL(g) AH =-67 kJ mol™

The concentration versus time graph for the reaction system is shown below.

Change in concentration over time of SO,, Cl,, SO,Cl,

N
0.8 1

w S0,
0.6

0.4

Concentration (mol L™")

0.2

0.0 T T T

a  Identify the initial concentration of the three gases.

Identify the change applied at ¢,.

¢ Contrast the change in concentration of SO,Cl, with Cl, from ¢, to ¢,. Explain
why these gases behaved in this way.

d Predict what would happen to the gases if the temperature of the system
increased at f,.

=2
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15. Interpret evidence
Consider the following system at equilibrium:
Fe*f(aq) + SCN-<(aq) = FeSCN?*(aq) AH = —-ve
pale brown colourless deep red

a  For each of the applied changes after equilibrium is re-established, predict the:
«  shift in equilibrium position (left, right or no change)
«  rate of the forward reaction compared to the original rate (increase, decrease or
no change)
«  colour of the reaction mixture.

Shiftin Rate of the forward | Colour of
equilibrium reaction compared | reaction

position (left, | to original rate mixture
right or no (increase, decrease
change) or no change)

The reaction mixture
is heated.

A few crystals of FeCl,
are added.

Water is added to the
reaction mixture.

A few drops of
concentrated Na,PO,
are added.

b  Consider the concentration-time graph shown.

N
FeSCN?*
c
S
®
e 3
£ Fe +
[}
(3]
c
o
O scN-
N
T Time 7

At 1, the temperature of the system is increased. Predict the effect of an increase in
temperature by sketching the change that would occur as the system re-establishes
equilibrium.
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Equilibrium constants

SCIENCE UNDERSTANDING
Identify that the equilibrium constant (K_ ) indicates the relationship between product
SYLLABUS and reactant concentrations at equilibrium.
DOT POINTS

Identify that the solubility product (Ksp) gives a measure of the solubility of an
ionic compound.

Determine the equilibrium law expression for homogeneous and heterogeneous
systems.
Determine the extent of a reaction from the magnitude of the equilibrium constant (K_).

Calculate the reaction quotient (Q) for reversible reactions.

[cr by

(Formula: Q = for the reaction aA + bB = cC + dD)
[AF [BP

Calculate equilibrium constants (K ) and the concentrations of reactants and products.

+  Assume [reactants] . = [reactants]

. _lcrpr : _

when used (Formula: K, = for the reaction aA + bB = ¢C + dD)
[AF BP

when K_is very small and state assumption

equilibrium
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Calculate solubility products (Ksp) and the concentrations of ions in aqueous solutions.
(Formula: K_ = [C]°[D]" for the reaction aA(s) = cC(aq) + dD(aq))

Infer shifts in equilibrium reactions using equilibrium constants (K_) and reaction
quotients (Q).

Analyse data to determine reaction quotients (Q), equilibrium constants (K),
the concentrations of reactants and products and the concentration of ions in
aqueous solutions.

SCIENCE INQUIRY

Investigate:
- solubility
Chemistry 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Introduction

A chemical system involving a reversible reaction is said to have reached a state of
equilibrium when the rates of the forward and reverse reactions are equal, and the
concentrations of the reactants and products are therefore constant.

Importantly, these concentrations do not need to be equal. There is a mathematical
relationship between the concentrations of the reactants and products. This relationship is
known as the equilibrium constant or K_. Understanding K_ allows scientists to manipulate
equilibrium reactions, optimise reaction products and determine solubility conditions in
various applications.

Practical Worksheets
® Determining the solubility constant of ® Equilibrium constants
silver acetate °

Equilibrium constants dominoes
® Using K_ to solve problems

. To access resources above, visit

s Ne l-SO n MindTa ) cengage.com.au/nelsonmindtap

.
(]
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equilibrium constant
the value of the

ratio between the
concentrations of the

reactants and products,

represented as K

equilibrium expression
the ratio of the
concentrations of
products to reactants
used to calculate the
equilibrium constant

=

FORMULA AND
DATA BOOK

ASSUMED KNOWLEDGE

v Reactions have reached equilibrium when the forward and reverse rates of reaction
are equal.
v Chemical equations need to be balanced.
Stoichiometry is a technique that involves using mole ratios to calculate unknown values.
v Le Chatelier’s principle states that when an equilibrium system is disturbed, it will
respond in a way that will partially oppose the change.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

<

understand the K__ relationship between products and reactants at equilibrium
determine the K_expressions for various chemical reactions

predict the extent and direction of a chemical reaction by using K_

use K_ to calculate the concentrations of products and reactants at equilibrium
compare Q with K_to determine whether a reaction has reached equilibrium

use RICE tables to determine K_ at equilibrium from an initial reaction mixture and
understanding the assumptions to make when K _is very small

v useK_ values to describe and calculate the solubility of a substance.

L L N O S

The equilibrium constant (K )

When a system isat equilibrium, at a fixed temperature, the concentration of the products divided
by the concentrations of the reactants, each being raised to the coefficient of the substance in
the equation, must be equal to a constant.

For the reaction:

aA+bB = cC+dD

the equilibrium expression is:
[c]° D]

[A]°[B]"
This constant is known as the equilibrium constant, and is represented as K . It can be
calculated from the concentrations of the reactants and products at equilibrium, using the

equilibrium expression.

C

KEY FORMULA
Equilibrium expression

For the reaction:
aA+bB=cC+dD
the equilibrium expression is:
c d

L)

[Al° [B]”
Because the equilibrium expression is determined from the way the equation is written,
the magnitude of K_also depends on the equation.
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The equilibrium constant is based on the ratio of the concentrations of reactants and products.
Consider the reaction where nitrogen (N,) and hydrogen gas (H,) form ammonia (NH,):

N,(g) +3H,(g) = 2NH,(g)
The equilibrium expression for this reaction can be written as:
[NH; [
3
[Nz ][H,]

Notice that the coefficients for each species in the balanced equation have become the ‘power’
for each species in the expression.

K. =

Equilibrium constants are generally reported as numbers without units. However, the
concentrations for all species in the equilibrium expression must be in mol L~ (or molarity, M). If
concentrations are expressed in other units, they must be converted to mol L™ before substituting
in the expression.

Because the equilibrium constant is a fixed value for a particular reaction at a specific
temperature, any disturbance to the system at that temperature does not change the value of the
equilibrium constant. However, if temperature is changed, the value of the equilibrium constant
will also change.

Homogeneous and heterogeneous equilibria

Solutions and gases vary in concentration and therefore are included in the equilibrium
expression. With gases, the partial pressure (the pressure of the individual gas) is proportional
to the concentration of the gas and therefore can also be used in the equilibrium expression for
a gaseous system.

However, solids and pure liquids do not vary in their concentration. Therefore, in a
heterogeneous system where the substances are in more than one phase, solids and pure
liquids are not included in the equilibrium expression. Only the concentrations of solutions or
gases are included. In a homogeneous system, where all substances are in the same phase,
solids and liquids are included because the relative proportions are important.

For example, the equilibrium system between nitrogen dioxide (NO,) and dinitrogen
tetroxide (N,0,) is homogeneous, because all species are in the gaseous phase.

N,0,(g) = 2NO(g)

¢ N0,

The following equilibrium system is heterogeneous because calcium carbonate (CaCO,)
and its dissolution products are a mix of gas and solid. The CaCO,(s) and CaO(s) are therefore
not included in the K_expression.

CaCO,(s) = CaO(s) + CO,(g)

K. =[CO]

9780170483544

partial pressure the
pressure exerted by
an individual gas in a
gaseous mixture

heterogeneous system
a system in which there
is a mixture of phases of
reactants and products

homogeneous system a
system in which all the
reactants and products
are in the same phase
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WORKED EXAMPLE 3.1.1

Construct the equilibrium expression for the reaction:

PCl,(g) = PCl,(g) + Cl(q)

ANSWER

1

Check that the equation is balanced.
The equation is balanced.
Put the products on top of the expression and the reactants on the bottom.
PCL,CI,

PCI,
Add square brackets around each substance to indicate concentration.
[PCL]ICI,]

[PCL]

Add the coefficient for each species from the balanced equation so that it becomes the power in the expression.
The coefficient is 1 for all species, so it is not added.
Multiply concentrations if there is more than one reactant or product.
K - [PCL,][CL,]

¢ [PCI,]

WORKED EXAMPLE 3.1.2

Construct the equilibrium expression for the reaction:

CaCl,(s) = Ca?*(aq) + 2Cl-(aq)

ANSWER

1

54

Exclude any solids and liquids present in the heterogeneous equilibria.
Because the reactant is a solid, we will not consider it in the expression.

Put the products on top of the expression and the reactants on the bottom.
Because CaCl, is a solid, we do not have a reactant for this expression.

Ca% Cl-

Add square brackets around each substance to indicate concentration.
[Ca*][CI]

Add the coefficient for each species from the equation so that it becomes the power in the expression.
[Ca*][CI]?

Multiply concentrations if there is more than one reactant or product.
[Ca*][CI-]?

Write the equilibrium expression.

Because the reactant is a solid, we remove the species from the expression.
K_=[Ca*][CI]?

Calculating K_ values

Values for K_can be calculated by substituting in the concentrations for all reaction species at
equilibrium. K_is temperature specific so its value will change with the temperature, as the
reaction shifts towards the right or the left.
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WORKED EXAMPLE 3.1.3

Calculate the magnitude of the equilibrium constant for the reaction:
CH,COOH(aq) = CH,CO0-(aq) + H*(aq)

given that, at equilibrium, [CH,COOH] = 0.92 M, [CH,C00] =1.62 x 102 M and
[H]=1.02 x 103 M.

ANSWER
1 Write the equilibrium expression.
_[CH,co0] [H]
© " [CH,COOH]

2 Substitute the given concentrations into the expression. .
g

(.
i~ (1:62x107)(1.02x10"%) “is
¢ 0.92
3 Calculate the answer. V\llebllink
Calculatin
Kc =1.8x10°% equilibrium congstants
LEARNING CHECK 3.1
DESCRIBING
1 Define:

a equilibrium expression
b equilibrium constant
¢ homogenous system
d heterogeneous system.

2 State the equilibrium expression for each of the following reactions.
a 2S0,(g)+0,(g) = 2S0,(9)

H,0(g) + C(s) = H,(g) + CO(g)

CaCO,(s) = CaO(s) + CO,(g)

HSO, (aq) + H,0(l) = H,0*(aqg) + SO,*(aq)

2Cr0,>(aq) + 2H*(aq) = Cr,0,%*(aq) + H,0(l)

APPLYING

® Qo O T

3 Calculate the magnitude of the equilibrium constant for each of the
following reactions.

a CO,(g) +H,(g) = CO(g) + H,0(g), given that the concentrations at equilibrium are:
[CO,]=2.00mol L7, [H,] =3.00 mol L7, [CO] = 0.17 mol L™, [H,0] = 0.17 mol L™

b 2H,S(g) = 2H,(g) + S,(9), given that the concentrations at equilibrium are:
[H,S]=0.2mol L, [H,]=7.0x 10°mol L™ and [S,] = 3.5 x 10 mol L~

¢ 2S0,(g) +0,(g) = 2S0,(9), given that the concentrations at equilibrium are:
[SO,]=0.75M,[0,] = 0.62 M and [SO,] = 1.70 M

d N,(g) + 0,(g) = 2NO(g), given that the concentrations at equilibrium are:
[N,]=1.25M,[0,] =1.70 M and [NO] = 2.0 M
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reaction quotient (Q) the
value of the equilibrium
expression when
calculated, Q

Describing the position of
equilibrium (K_and Q)

The magnitude of K_can tell us whether there are more products or reactants at equilibrium.
Since the products are on top of the fraction, a large K_indicates the concentration of products is
much greater than the concentration of reactants. Therefore, a:

+ large K_ indicates that the reaction goes towards completion, meaning that nearly all of
the reactants become products. We say that equilibrium lies to the right, as there are more
products than reactants at equilibrium.

« small K_indicates that the reaction only occurs to a small extent. We say that equilibrium
lies to the left, as there are more reactants than products at equilibrium.

+ value of K_close to 1 indicates that there are significant concentrations of both reactants
and products at equilibrium.

For example, the equilibrium constant for the ‘pop test’, which is the reaction between

hydrogen and oxygen gas to form water vapour, is 2.4 x 10*” at 500 K.

The equation for this reaction is:

2H,(g) + O,(g) = 2H,0(g)

Therefore, the equilibrium expression is:

_ [H,0)° large amount
[H,]*[0,] small amount

. = large K,

The very high value of the equilibrium constant shows that, at equilibrium, there is a large
amount of product (H,0(g)) and only a very small amount of reactants (H,(g) and O,(g)). This
indicates that most of the reactants react to become products, so the reaction occurs to a large
extent. In this case, we say that the position of equilibrium is to the right.

In contrast, the reaction for hydrogen molecules splitting into hydrogen atoms has an
equilibrium constant of 1.2 x 10** at 500 K.

H,(g) = 2H(g)

2
K. - [H] - small amount — smallK,
[H,] large amount

The very low value for the equilibrium constant indicates that, at equilibrium, there is a large
proportion of the reactant, H, molecules, compared to the product, H atoms. This shows the
reaction only occurs to a very small extent. In this case, we say that the position of equilibrium
is to the left.

Reaction quotient (Q)
[C]¢[D]*

The ratio of products to reactants 1 [B]° will only equal the equilibrium constant (K ) when
Al"|B

the system is at equilibrium. The reaction quotient (Q) is also calculated from the same

ratio and gives a mathematical value for the reaction concentrations at any point in time. This

can be compared with the equilibrium constant and can indicate whether the reaction has

reached equilibrium.

« If Q=K then the system is at equilibrium.

« IfQ<K, then there are less products and more reactants than at equilibrium. This indicates
that the forward reaction will be favoured for the system to reach equilibrium.
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« IfQ>K, then there are more products and less reactants than at equilibrium. This indicates
that the reverse reaction will be favoured for the system to reach equilibrium.

Q<K, Q=K Q>K,

Forward reaction favoured At equilibrium Reverse reaction favoured

WORKED EXAMPLE 3.2.1

The equilibrium constant (K ) for the reaction:
CO(g) + 2H,(g) = CH,0H(q)

is 14.5 at 483 K. If the concentrations of CO and H, are both 0.5 mol L™"and the concentration of CH,OH is 5mol L,

determine if the system is at equilibrium.

ANSWER
1 Determine the expression for the reaction quotient.
0- [CH,0OH]
[COIH,I?
2 Using the values stated, calculate Q at 483 K.
_ 5
 0.5%0.5?

=40

3 CompareQandK..
Since Q is not equal to K, the system is not at equilibrium.

LEARNING CHECK 3.2

DESCRIBING

1 Describe what the following Q and K_ values indicate, in terms of the relative amounts
of products and reactants at equilibrium, and whether the system favours the forward
or reverse reaction.

a Q=K
b Q<K
c Q>K,

2 Explain what a K_of close to 1 means in terms of the concentrations of reactants and

products at equilibrium.

3 Explain what a high K of 2.4 x 10* indicates about the extent of the reaction of
hydrogen and oxygen to make water:

H,(9) +0,(g) = H,0(g)
APPLYING
4 Compare the calculated reaction quotient of Q = 15 with the equilibrium constant

K_ =22 to determine which reaction is favoured in order for the system to
reach equilibrium.

5 a Calculate the reaction quotient for the reaction CO(g) + 2H,(g) = CH,0H(q)
if the system has the following concentrations: [CO] = 0.5 M, [H,] = 1.0 M and
[CH3OH] =18.0 M.

b Determine whether the reaction is at equilibrium, if K = 14.5.

al
o‘:

Weblinks
Calculating
reaction quotients
Comparing Q and A
Worksheet
Equilibrium
constants dominoes
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Calculating equilibrium
concentrations

We can determine K_if the starting concentrations of the reactants and products are given as
well as the equilibrium concentration of at least one reactant or product. A RICE table (reaction
species, initial concentration, change to concentration, equilibrium concentrations) is a useful
way to summarise this information.

WORKED EXAMPLE 3.3.1

Hydrogen and fluorine react together to form hydrogen fluoride in a reversible reaction:
H,(9) + F,(9) = 2HF(g)

1 mol of H, and 2 mol of F, are introduced to a 1 L container and the system is left to reach equilibrium. When
equilibrium is reached, 0.032 mol of H, remain in the container.
a Calculate the equilibrium concentrations of F, and HF.

b Calculate the equilibrium constant.

ANSWERS
a 1 UseaRICE table to write what is known and calculate the concentrations.

Initial concentration 1molin1L 2molin1L 0
c- 1 mol _2mol
1L L
=1M =2M
Change in concentration
Equilibrium concentration 0.032molin1L
C= 0.032 mol
1L
=0.032 M

2 Examine the mole ratio from the equilibrium equation.
According to the balanced equation, the mole ratio is:

H F HF

1 : 1 : 2
3 Calculate the change in the number of moles.

Because the system has reached equilibrium, the change in number of moles of H, is 1 —0.032 =0.968 mol.
4 Calculate the change in the concentration of each species.

The change in concentration of H, can be calculated as:

0.968 mol
1L
=0.968 M

[H,]=
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According to the mole ratios, the number of moles of H, and F, reacting will be the same, and the number of
moles of HF formed will be twice that of reactants lost.

[HF] = 0.968 x 2

=1.936 M

Initial concentration Y 2M 0

Change in concentration -0.968 M -0.968 M +1.936 M

Equilibrium concentration =0.032M

5 Calculate the concentration of each species at equilibrium.

Reaction species H, F, HE

Initial concentration ™ 2M 0

Change in concentration -0.968 M -0.968 M +1.936 M

Equilibrium concentration 1-0.968 2 _-0.968 0+1.936
=0.032M =1.032M =1.936 M

b Substitute the final concentrations into the equilibrium constant expression.
_ [HFP
© " IH,]IF,]
_1.9367
0.032x1.032

=113.5

Calculating equilibrium concentrations
from initial solutions

The equilibrium concentrations of reactants and products can be calculated by using K_and
the initial concentrations of a starting mixture. In this case, the mole ratios in the equilibrium
equation are considered. Again, RICE tables are useful in these types of calculations.

WORKED EXAMPLE 3.3.2

PCl, gas decomposes into PCl, and Cl, according to the following equation, with K. = 0.019.
PCl.(g) = PCl (g) + Cl(9)

Calculate the final concentrations, if the initial concentrations of PCI, was 0.025 M and of PCI, and CI, was 0.00 M.

ANSWER

1 Examine the mole ratio from the equilibrium equation.
According to the balanced equation, the mole ratio is:

PCI, PCl, Cl,
1 : 1 : 1
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2 Use a RICE table to summarise this information.

Reaction species PCI PCI cl

Initial concentration 0.025M 0.00 M 0.00 M
Change in concentration

5

Equilibrium concentration

3 Represent the unknown change with x.
PCI, decreases by x; PCI, and Cl, increase by x.

Reaction species PCI PCI Cl

Initial concentration 0.025M 0.00 M 0.00M

5

Change in concentration

|
x

+X +X

Equilibrium concentration 0.025M — x X

4 Write the equilibrium expression.
K < [PCL][CL]
° [pcl]
5 Substitute the values into the expression.
0019 = Xl
[0.025 - x]
6 Solve for the unknown concentration.
Rearrange the equation.
019 =  X1lx]
[0.025 - x]

0.000475-0.019x = x?

Make the equation equal to 0 to solve a quadratic equation.
0=x2+0.019x — 0.000 475x

Solve for x using the quadratic formula.

x=0.014275 or —0.033275

(Do not use the negative number because we cannot have a negative concentration.)

o

Reaction species PCI PCl Cl

Initial concentration 0.025M 0.00M 0.00M

Change in ~0.014M +0.014M +0.014M
concentration

Equilibrium 0.025M -0.014M 0.00 M +0.014 M 0.00 M +0.014 M
concentration =0.011M =0.014 M =0.014M

5 3 2

> Assumption for small K_
18

In cases where K_is very small, the calculation can be simplified. We assume that a very small K

Worksheet means that very little of the reaction will proceed in the forward direction towards the products.

Using K. to solve problems We can therefore assume that x is negligible compared to the original concentrations of the

reactants. This is quite often the case with weak acids and bases, which have K_values typically

of the order of 10~ or less.
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WORKED EXAMPLE 3.3.3

Consider the following equilibrium equation for hypochlorous acid (HCIO), with a K_ = 3.7 x 10-8. Calculate the
concentrations of all species at equilibrium, if the initial reaction mixture had a concentration of 0.10 M for HCIO,
and 0.00 M for CIO- and H*.

HCIO(aq) = CIO-(aq) + H*(aq)

ANSWER
1 Use a RICE table to summarise the information given.

Reaction species HCIO clo- H*
Initial concentrations 0.10M 0.00M 0.00M
Change in concentration

Equilibrium concentration

2 Examine the mole ratio from the equilibrium equation.
HCIO : Clo- : H*(aq)
1 1 1
Each mole of HCIO that ionises is equal to an increase of 1 mol of CIO- and H* ions.

3 Represent the unknown change with x.

Reaction species HCIO clo- H

Initial concentrations 0.10M 0.00M 0.00M

Change in concentration -X +X +X
Assume x is negligible.

Equilibrium concentration 0.10M X X

However, since K_ is so small (10-® < 10-%), we assume that the reduction in x is negligible in comparison to the
initial concentration.
4  Write the equilibrium expression.

_[CIo][H]

¢ [HCIO]
5 Substitute the values into the expression.

37x10° =X
0.10

2
37x10°=>*_
0.10

6 Solve for the unknown concentration.

Rearrange the equation.
x2

0.10
x>=3.7x10"°

3.7x10% =

x=6.1x10"°

Reaction species HCIO clo- H*

Initial concentrations 0.10M 0.00 M 0.00 M

Change in concentration x is negligible. +X +x

Equilibrium concentration 0.10M 0.00M+6.1x10°M | 0.00M+6.1x10°M
=6.1x10°5M =6.1x105M
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solubility product a type
of equilibrium constant
used to indicate the
relative solubility of a
precipitate in a solvent
to form a saturated
solution at a particular
temperature

FORMULA AND
DATA BOOK
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&
O‘.

Weblink
Solubility equilibria

LEARNING CHECK 3.3

DESCRIBING

1 Explain how the value of the equilibrium constant describes the position of equilibrium.

2 Where K is very small, explain why it is acceptable to assume x is negligible compared
to the initial concentrations.

APPLYING

3 Nitrogen and oxygen react to form nitrogen monoxide in a reversible reaction:
N,(g) + 0,(g) = 2NO(g)

1 mol of N, and 1 mol of oxygen are introduced to a 2 L container and the system is left
to reach equilibrium. When equilibrium is reached, there is still 0.25 mol of N, left in
the container.

a Calculate the equilibrium concentrations of O, and NO.
b Calculate the equilibrium constant.
4 Calculate the concentrations of the reactants and products in the following reactions

at equilibrium:

a 2HI(g) = H,(g) +1,(g), given that K_= 53.25 at 300°C, with initial concentrations of
[H]=1.5M,[H,]=0.0Mandl,] =0.0 M.

b HCN(ag) = CN-(aq) + H*(aq), given that K_ = 4.97 x 107", with initial concentrations
of [HCN] =1.25M, [CN-] = 0.0 M and [H*] = 0.0 M. State any assumptions used.

5 When 0.40 mol of PCl, is heated in a 10.0 L container, an equilibrium is established in
which 0.25 mol of Cl, is present:
PCl,(g) = PCI.(g) + Cl.(q)
a Determine the number of moles of PCI, and PCI, at equilibrium.

b Calculate the equilibrium concentrations of all three components.
¢ Calculate K_for this equilibrium.

Solubility equilibrium and K_|

An important application of equilibrium constants is the solubility product (KSP). Even if a
chemical is described as insoluble or partially soluble, a small component of the substance will
dissolve to reach an equilibrium concentration. A similar format for the K equation is used:

[products )
reactants
However, because one of the components is a solid, it is not included in the equation.
For the reaction aA(s) = cC(aq) + dD(aq):
K, =[CJ{D}*
Another way to look at it is if the salt A dissolves to form ions C* and D, the equilibrium
chemical formula is:
A(s) = C'(aq) + D(aq)
and the equilibrium expression for K becomes:
K, =[C[D]
Recall that temperature affects solubility; therefore, K is specific to the substance dissolving
at a particular temperature.
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Comparing and predicting solubility &

K _can be used to compare the solubilities of different substances at a particular temperature. A Syllabus link
1 ° K indi lubili h ler K indi 1 lubili Chapter 16 of Nelson
arger K indicates greater solubility, whereas a smaller K indicates low solubility. QCE Chemistry
For example, the K, values for silver chloride and iron(IIT) hydroxide are: Units 1 & 2 describes
solubility in more
Silver chloride (AgCl) K =1.8x10""at25°C detail.

sp
Iron(IIT) hydroxide (Fe(OH),) K,=2.0x 103% at 25°C
Silver chloride has a much higher K than iron(III) hydroxide, so we can conclude that iron
hydroxide is far less soluble. This type of comparison is particularly useful in industries such as :‘ ‘:
water treatment, where certain ions are removed by precipitating them as insoluble compounds.

Table 3.4.1 shows some common sparingly soluble substances and their K at 25°C.

Worksheet
Equilibrium constants
TABLE3.4.1 K_ values of a selection of common sparingly soluble salts

_ Chemical formula K, at25°C

Silver bromide AgBr 5.0x107"™
Silver chloride AgCl 1.8x107°
Calcium fluoride CaF, 3.2x10™M
Calcium carbonate CaCo, 3.3x10°
Copper sulfide CuS 8.0x 10
Magnesium hydroxide Mg(0H), 7.1 %1072

Quantifying ion concentrations at equilibrium

By using K values, we can calculate the maximum concentrations ofionsin a saturated solution.
To calculate these concentrations, we use K and the solubility expression. The equilibrium
chemical equation is used to determine the relative moles of ions that will dissolve.

WORKED EXAMPLE 3.4.1

Calculate the solubility of Ca** ions in a saturated solution of calcium fluoride (CaF,), where K =3.2 x 10™".

ANSWER
1 Determine the solubility equilibrium for this substance dissolving.
CaF,(s) = Ca**(aq) + 2F(aq)
2 Examine the mole ratios from the equilibrium equation
CaF, : Ca* : F
1 1 2
3 Determine the K expression.
Since solids are not included in the K_:
K,,=[Ca*][F]?
4 Represent the unknown change with x.
According to the mole ratio of the equilibrium equation, if x mol of CaF, dissolves, then x mol of Ca* and 2x mol
of F- are formed. Substitute these values into the equation, remembering that K,, has already been given to us.
5 Substitute the values into the expression.
K, =[ca*][F]?
3.2x10 " =xx(2x)?
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6 Solve for

the unknown concentration.

3.2x 10" =4x°
Solve for x5.

o _3:2x107"
4

=8.0x10"

Take the cube root to solve for x.

x=3/8.0x107"?

~2.0x10™* M

PRACTICAL ACTIVITY 3.4.1

DETERMINING THE SOLUBILITY CONSTANT OF SILVER ACETATE

Introduction

When silver acetate (ethanoate) is dissolved in a solution, acetate and silver ions are formed according to the equation:
AgCH,CO0(s) = Ag*(g) + CH,CO0(aq)

The amount of silver ions in the solution can be determined indirectly by reaction with copper according to

the equation:

Cu(s) + 2Ag*(aq) — Cu?(aq) + 2Ag(s)

Research question

How can the solubility constant of silver acetate be experimentally determined?

Aim
To determine

Materials

the solubility constant of silver acetate

+ 100 mL saturated silver acetate solution
+ 50 mL acetone
+ distilled water in a wash bottle

+ 2x150m
+ 1testtub

L beakers
e

20 cm copper wire
electronic balance

steel wool

100 mL measuring cylinder
thermometer

& What are the risks in doing this experiment? How can you manage these risks to stay safe?

RISK
ASSESSMENT

Glassware may break and cut you.

Handle glass with care. Inspect and discard

any chipped or cracked beakers, no matter how
small the damage. Sweep up broken glass with a
dustpan and brush; do not use your fingers.

Silver acetate can irritate eyes and skin.

Wear goggles, lab coat and gloves when handling.

Copy and complete the risk assessment table in your write-up. Add any more risks you can think of, and ways to
manage them. Ask your teacher to check your risk assessment before you proceed.

Procedure

1 Measure 100 mL of silver acetate and pour it into a 150 mL beaker. Measure and record the temperature of
the solution.

2 Using steel wool, clean the surface of the copper wire.
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3 Carefully wrap the copper wire around a pencil to create a coil, leaving a small portion of the copper unwound so
that it can be used as a hook.

Measure and record the mass of the copper wire.

wn

Carefully place the coiled copper wire into the silver acetate solution. Use the portion of uncoiled wire to create
a hook and hang the coil off the rim of the beaker.

Leave the experiment overnight.

Shake the coil to dislodge attached silver crystals. Remove it from the solution and wash it with distilled water.
Pour some acetone into a clean 150 mL beaker.

O 0 N O

Dip the copper in the acetone to rinse the coil to remove any silver crystals that are still attached.
10 Allow the coil to air dry.
11 Measure and record the mass of the copper wire.

Results

Record your results in a carefully formatted table.

Analysis of results

1 Calculate the number of moles of copper that reacted, using the change in mass from the copper wire in
the experiment.

Calculate the number of moles of silver that reacted.
Calculate the concentration of silver ions in the original solution.
Determine the Ko expression.

u A WO DN

Calculate the KSp of silver acetate.

Evaluation
6 Compare your value with that obtained by other class groups, identifying possible reasons for any differences.

7 Compare your value with the theoretical value of 1.9 x 10-% at 25°C, identifying possible reasons for
any differences.

LEARNING CHECK 3.4 :“:

DESCRIBING Webtink
. o a1 5 arg The solubility
1 Describe how the value of K gives an indication of the solubility of the product constant

particular substance.
2 Describe why the temperature conditions should be given when stating K_.

APPLYING

3 Compare the K values in Table 3.4.1 to determine which of the following pairs of
substances is the least soluble.
a AgBrandCuS
b CaF,and CaCO,
c Silver chloride and copper(ll) sulfide
d Calcium carbonate and copper(ll) sulfide
4 Calculate K of Agl at 25°C if there are 9 x 10~ M of Ag* and I~ ions in solution
at equilibrium.

5 Calculate the solubility of copper(ll) sulfide using the K,, values in Table 3.4.1.
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CHAPTER Equilibrium constant, K_

SUMMARY «  The equilibrium constant K_shows the relationship between the concentration of
products and reactants at equilibrium.

This can be calculated using the equilibrium expression:

For the reaction:
aA+bB= cC+dD

_[c1° o)’
“ T [BP

«  Solids and pure liquids are not included in the equilibrium expression.
K. and Q

+  The reaction quotient (Q) is calculated in the same way as K_and helps to show where
the reaction is at any point in time. This can be used to compare against K_ to indicate
whether the reaction is at equilibrium.

«  Depending on the relative values of Q and K , we can determine which reaction is
favoured in order to reach equilibrium:

- IfQ=K, the system is at equilibrium.
- IfQ<K, the forward reaction will be favoured.
- IfQ> K, the reverse reaction will be favoured.

Calculating constants and concentrations

+  The RICE table is a strategy for calculating the concentration of species and/or K .
ForA=B+C:

Reaction species B C

Initial concentration

Change in concentration

Equilibrium concentration

Solubility product, K |

*  The solubility product (K ) indicates the solubility of a substance.
*  The smaller the K, the less soluble the substance.

K, is calculated in a similar way to K . Remember that solids are not included in the
expression; for example:

K, = [C]¢[D]¢ for the reaction aA(s) = cC(aq) + dD(aq)
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MULTIPLE CHOICE CHAPTER

1. Hydrogen chloride (HCI) can decompose to form an equilibrium mixture of HCI, Cl, and EXAM
H,, according to the equation:

2HCI(g) = H,(g) + CL(g)

At30°C, K =6.2x10* and at 60°C, K_= 7.4 X 10**. What valid conclusion can be drawn
from this finding?

A The forward reaction is exothermic.

B  HClis less stable at the higher temperature.

C  The equilibrium concentrations of H, and Cl, are equal.

D The equilibrium concentration of HCI is lower at 30°C than at 60°C.

2. Animportant stage in the production of sulfuric acid is the reaction of sulfur dioxide and
oxygen to form sulfur trioxide:
280,(g) = 2S0,(g) + 0,(g)

In an investigation of this reaction, 2 mol of SO, are placed in an empty 1 L flask and
allowed to reach equilibrium. The temperature is kept constant. If [O,] = 0.3 M at
equilibrium, what is the equilibrium concentration of SO,?

A 0.80M
B 1.00M
C 1i10M
D 140M

3. Hydrogen iodide can be formed in the following reaction:
H(g)+1(g) = 2HI(g) K =200 at50°C
In an experiment, gases were added to a sealed container in the following concentrations:
[H,] =0.04 M, [L,] =0.02 M and [HI] =0.8 M

What will the concentration of HI be when the reaction reaches equilibrium at 50°C?
A 0.80M

B 1.00M

C Lessthan0.80 M

D Between 0.80 M and 1.00 M

© State of Queensland (QCAA) 2020 EN0[67.V.-YoE:elI@IAspAIR Y, [¢10] Q14J

4. Ammonia gas reacts with oxygen gas in the following equilibrium reaction.

4NH,(g) + 30,(g) = 2N,(g) + 6H,0(g)

The equilibrium expression for the reaction is:

[NH, ][0, ]
A N, ][H,0]

[N, 1[H,0]
B [NH,][O,]
[NH;]*[0,]°
€ INm,00°
[N, ]2 [H,0]°
D nH, 0,1
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5. Phosgene gas (COCL,) is formed by the following reaction.
CO(g) + ClL(g) = COClL(g) AH =-110kJ mol™

At a certain temperature, the equilibrium constant K_for this reaction is 5.0. A student

calculates the value of Q as 0.83 M.

Based on the K_and Q values, predict what is happening to the system.

ogaQwp

The reaction will stop completely.

The system is at equilibrium and will not shift.
The reverse reaction is favoured, producing more CO and Cl,.
The forward reaction is favoured, producing more COCl,.

GRS EVCI HO[IEENEELGN(o[o7.V-ARLIPHEN  QCAA paper 12020 MCQ QSJ

6. The equilibrium constants of four different reactions are given.

In which reaction does the equilibrium lie furthest to the left?

A PCl,(g) + Cl,(g) = PCl.(g) 2.4x10
B AglO,(s) = Ag*(aq) +10,(aq) 3.0x10¢
c Cl,(g) + H,0(l) = HOCl(aq) + H*(aq) + Cl-(aq) 4.0%x10*
D HSO,(aq) + H,0(l) = H,0*(aq) + SO,*(aq) 6.3x10°¢

GRS ETCIHO[IEENEELGN (o[o.VARLiPEES  Modified from QCAA paper 12023 MCQ QSJ

7.  Determine the equilibrium expression (K ) for the reaction.

2HI(g) <=  Hy(g)

Colourless Colourless
_[H][L]
A K=T
_ L ]IL]
B KC_ [HI]Z
c g 22
¢ 2[HI]
_2[H]2(1]

NELSON QCE CHEMISTRY UNITS 3 & 4

+ L(g) AH =+53.6 k] mol™*
Purple
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8.
A
B
C
D
9.

Identify which of the following substances is the least soluble at 25°C.

When PbS was dissolved in water, it formed 1.7 x 10 M of Pb* and S* ions, according to
the equation:

PbS with K8 x 10*
AgClwithK_1.8x107
CuS with KSp 8.0 X107
CaCO, with KSp 1.3x 107

PbS(s) = Pb*(aq) + S*(aq)

What is the K of PbS at this temperature?

A
B
C
D

1.7x10°¢
24x10°°
2.9x107"?
3.4%x10°°

10. Alarger K indicates:

A equal solubility.

B lesser solubility.

C greater solubility.

D no change to equilibrium.
SHORT RESPONSE

11. Sodium chloride dissolves in water:

NaCl(s) = Na*(aq) + Cl-(aq)

Given that the concentration of Na* and Cl~ are 6.13 M, calculate KSp of sodium chloride.

ORI ETENI N [IEENEELGN (o[o7.V.\ R Liv#A8  QCAA paper 12022 SA Q25 )

12. Three unknown gases are combined in a sealed flask and allowed to reach equilibrium,
as shown by the equation:

3A,(g) + X,(8) = 2XA,(g)

Determine whether the gases reach a state of dynamic equilibrium. Explain

your reasoning.

Determine if the relative position of equilibrium lies towards the products or
reactants if the molar concentration at equilibrium are 3.4 mol L™ for A, 1.8 mol L™
for X, and 4.2 mol L™ for XA,. Explain your reasoning.

9780170483544 CHAPTER 3 | EQUILIBRIUM CONSTANTS 69



70

CROSS-CHAPTER QUESTION

13. This graph shows how the concentration of reactants and products for the decomposition
of phosgene (COCl,) changes over time.

a  Identify the equilibrium concentrations of all three species between 12 and
14 minutes.
b  Calculate K_for the equilibrium between 12 and 14 minutes.
c Identify whether the reaction moved in the forward or reverse direction from
4 to 8 minutes.
d Calculate the equilibrium constant from 8 to 10 minutes.
Equilibrium graph for phosgene undergoing different disturbances
N COCI,(g) = Cl,(g) + CO(g) AH = +108 kJ
0.14 -
0.12 A
'I:_: 0.10 A
©
£ 008 - Cl,
c
2
£ 006 -
c
8
S 004 A co
0.02 - cocl,
0.00 . . . . . . —
0 2 4 6 8 10 12 14
Time (min)
DATA ANALYSIS

ORSECHOIEELE EL N[V BRIz QCAA paper 2 2022 SA Q2 J

14. Analyse data

The reaction shows part of the contact process used to produce sulfuric acid.

280,(g) +0,—2% . 280,(g)

The equilibrium constant (K) for this reaction at different temperatures is shown.

Temperature (K) Equilibrium constant (K) (mol L)

298 9.77 x 10%

500 8.61 x 10"

Deduce if the forward reaction is exothermic or endothermic. Explain your reasoning.
Calculate the equilibrium concentration of SO, at 500 K given the equilibrium
concentrations [SO,] = 0.860 M, [O, ] =0.330 M.

Apply Le Chatelier’s principle to explain whether halving the reaction vessel’s
volume at 500 K would affect the position of the equilibrium or the value of the
equilibrium constant.
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15. Analyse data

Two experiments were conducted to investigate the effect of temperature on the equilibrium
formed during the decomposition of hydrogen iodide (HI).

2HI(g) = H,(g)+1,(g)  AH=+53.6kJ mol™

Experiment Initial concentration Equilibrium
(mol L) concentration (mol L)

1 0.08 0.00 0.00 0.01 2.78x 1072
2 0.00 0.06 0.06 0.06 0.03 0.03

a  Determine the concentration of HI(g) and I(g) at equilibrium for experiment 1.

b Calculate the equilibrium constant (K ) for experiment 2.

c Determine which experiment was conducted at a higher temperature. Explain
your reasoning.
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CHAPTER

4 Acids, bases and pH
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SCIENCE UNDERSTANDING

Identify that acids are substances that can act as proton (hydrogen ion) donors.
SYLLABUS

DOT POINTS Identify acids as monoprotic, diprotic or polyprotic.

Identify hydrochloric, nitric and sulfuric acid as strong acids and group 1 hydroxides and
barium hydroxide as strong bases.

Identify carboxylic and carbonic acids as weak acids and ammonia and amines as
weak bases.

Discriminate between the terms strong, weak, concentrated and dilute for acids and bases.

Discriminate between strong and weak acids and bases in terms of the extent of
dissociation, rate of reaction, pH and electrical conductivity.

Analyse data to determine the strength, concentration, pH and electrical conductivity of
acids and bases.

Identify that water is a weak electrolyte and the self-ionisation of water is represented
by K. (Formula: K, = [H][OH])

Apply K, to calculate the concentration of hydrogen ions from the concentration of
hydroxide ions in a solution.
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+ Calculate pH, hydrogen ion concentration [H*(aq)], pOH and hydroxide ion
concentrations [OH-(aq)] for strong acids and bases. (Formula: pH = —log, [H*] and
pOH = —log, [OH])

SCIENCE INQUIRY

+ Investigate properties of acids and bases.
Chemistry 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Introduction

Early chemists could identify an acid or a base from its properties. But to develop a
conceptual definition of an acid requires an understanding of the structure of the molecules
or ions of acids and bases and the mechanism of acid—base reactions. Arrhenius defined
acids in terms of their ability to produce H* ions in solution. Understanding the strength
of an acid is complicated by the fact that an acid can be monoprotic, diprotic or triprotic
and that acids and bases dissociate or break apart to differing degrees. Concentration and
strength can also be easily confused when referring to acids and bases. The pH scale is a
useful way of comparing substances of varying degrees of acidity and basicity depending
on the number of hydrogen ions they release into solution. While this gives us an idea of
the amount of H* ions involved, it is important to be able to determine quantitatively the
concentrations of hydrogen ions and hydroxide ions in solutions.

An appreciation of the concepts of chemical equilibria and Le Chatelier’s principle can
be useful in our understanding of the interaction of acids and bases.

Practical Worksheets
® Testing the properties of acids and ® The pH scale
bases ® Acids and bases
~t . To access resources above, visit
": Nelson M|ndTap cengage.com.au/nelsonmindtap
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Syllabus link
Chapter 17 of Nelson
QCE Chemistry

Units 1 & 2 introduces
the reactions of
acids and bases.

V624

Syllabus link
Chapter 18 of Nelson
QCE Chemistry

Units 1 & 2 introduces
the properties of
acids and bases.

electrolyte a substance
that dissociates into
ions when dissolved in a
solvent

ionisation reaction

the process in which a
molecular substance,
often an acid, dissolves in
water and separates into
ions by the gain or loss of
an electron
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ASSUMED KNOWLEDGE

v

Atoms consist of protons, neutrons and electrons, and ions are atoms or molecules that
have gained or lost electrons.

Atoms that lose electrons form positive ions (cations) and atoms that gain electrons
form negative ions (anions).

Balanced chemical equations can be written from descriptions of reactions and obey
the law of conservation of matter.

The pH scale goes from 0 to 14; acids have a pH < 7, bases have a pH > 7, and a neutral
substance has a pH of 7.

Common properties of acids include sour taste and a corrosive nature, and bases have
a slippery feel and a bitter taste.

The number of moles can be calculated by using the mass and molar mass of a

m
substance: n=—.

M n
Concentration can be calculated by using number of moles and volume: ¢ = T

In equilibrium reactions, the forward and reverse reactions occur simultaneously.
Le Chatelier’s principle helps us identify the changes that would occur in an equilibrium
reaction as a result of changing conditions.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

A N N S N

4.1

Recall from Chapter 18 of Nelson QCE Chemistry Units 1 & 2 that acids have common properties:
they have a sour taste, can sting or burn the skin, conduct electricity in solution and turn blue
litmus red. Acids also have a pH below 7. A pH of 7 indicates a neutral substance. Recall from
Chapter 17 of Nelson QCE Chemistry Units 1 & 2 that acids neutralise bases to produce salt and
water. They also react with metals to produce a salt and hydrogen gas and metal carbonates to

identify that acids are substances that can act as proton donors

identify acids as monoprotic, diprotic or triprotic and how they ionise

identify that bases are substances that dissociate and release OH- in solution
discriminate between the terms ‘strong’ and ‘weak’ for acids and bases

identify examples of strong and weak acids and bases

discriminate between strong and weak acids and bases in terms of extent of
dissociation, rate of reaction, pH and electrical conductivity

identify that water is a weak electrolyte and the self-ionisation of water is
represented by K,

calculate pH, hydrogen ion concentration, pOH and hydroxide ion concentration of solutions.

What is an acid?

produce a salt, carbon dioxide and water.

Svante Arrhenius (1859-1927) proposed that acids are substances that ionise in an aqueous
solution to produce hydrogen (H*) ions. Because of this property, acids are electrolytes. The
reaction of the acid with water is called an ionisation reaction, as ions are formed. Ionisation

of acids is a two-step process.
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For example, the two steps for the ionisation of hydrochloric acid (HCI) are:

Step 1. Hydrogen chloride dissociates in water:
HCl(g) — H*(aq) + Cl(aq)

Step 2. The H' ions combine with water molecules to form the hydronium ion (H,0%) in the hydronium ion the ion

ionisation reaction: Fhat forms when a proton
is donated to a water

H*(aq) + H,0(1) — H,0*(aq) molecule (H,0%)

Overall, this can be written as:
HCI(g) + H,0(1) —» H,0"(aq) + Cl(aq)

Hydronium ion

The hydrogen ion in an aqueous solution (Step 1) is no more than a proton, a

bare nucleus that carries a single unit of positive charge. This proton is strongly H .7t
attracted to any part of a nearby atom or molecule in which there is an excess of +O + H — H ;Q:H
negative charge. In the case of water, this is the unshared (lone) pair electrons of H H

the oxygen atom of the water molecule. The proton forms a shared-electron bond Water  Proton Hydronium ion
with oxygen, producing a hydronium ion (Figure 4.1.1). FIGURE 4.1.1 Formation of the

In 1923, chemists Johannes Nicolaus Bronsted (1879-1947) and Thomas hydronium ion
Martin Lowry (1874-1936) independently developed definitions of acids based
on the compounds’ ability to donate protons (H* ions). This took the Arrhenius definition
one step further and this will be looked at in Chapter 5. A Bronsted-Lowry acid is a proton
(hydrogen ion) donor.

A base can be considered as a substance that produces a hydroxide ion in solution; for :‘,
example, soluble salts containing the oxide (0*") ion or hydroxide (OH") ion. A soluble base is e
called an alkali. Bases have common properties such as a bitter taste and can feel slippery in
aqueous solution. They have a pH above 7. Adds,‘ﬁ’::f;";nd pH

Figure 4.1.2 shows some examples of common acids and bases.

s PR

[ . . LA O
FIGURE 4.1.2 Acids and bases are everyday items. Examples of
substances that contain acids are vinegar (ethanoic acid), lemon
juice (citric acid) and aspirin (acetylsalicylic acid). Examples
of substances that contain bases are oven cleaners (sodium
hydroxide), some detergents and bicarbonate of soda.
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PRACTICAL ACTIVITY 4.11

TESTING THE PROPERTIES OF ACIDS AND BASES

Introduction

In Year 11 you learnt that:

» acids have a sour taste, sting or burn the skin, conduct electricity in solution and turn blue litmus red

+ bases have a bitter taste, have a slippery feel in aqueous solution, conduct electricity in solution (not all bases
are soluble) and turn red litmus blue.
These properties can help distinguish between different acids and bases.

Research question

How do properties such as reaction with litmus, and electrical conductivity help to distinguish between common
acids and bases and common chemicals around the home?

Aim
To test for most of the properties listed above, using common acids and bases and some common chemicals around
the home

Materials

* 50 mL of 0.1 mol L™ hydrochloric acid solution

*  50mL of 0.1 mol L™ citric acid solution

* 50 mL of 0.1 mol L' sodium hydroxide solution

+  50mL of 0.1 mol L' sodium bicarbonate (sodium hydrogencarbonate) solution
+ distilled water

*  2x50mL samples of any common chemicals such as detergent, coffee, lemon juice, milk
+ 6 x50mL beakers (one for each solution)

+ litmus paper (red and blue)

* 9V battery/powerpack

* 6 alligator clips and 3 leads

* 2 graphite rods

« light bulb

+ light bulb holder

* 50 mL measuring cylinder

& What are the risks in doing this experiment? How can you manage these risks to stay safe?

ASSESSMENT Glassware may break and cut you. Handle glass with care.

* Inspect and discard any chipped or cracked
beakers, no matter how small the damage.

« Sweep up broken glass with a dustpan and
brush; do not use your fingers.

Litmus paper is flammable. Store in a dry location, keep away from fire.

The powerpack may give an electrical shock. Do not use if the cord is damaged or loose. Only
use the powerpack if it is tagged as safe.

0.1 mol L' sodium hydroxide is slightly toxic. Never ingest any laboratory chemicals.

Household chemical 1 (your choice)

Household chemical 2 (your choice)

Copy and complete the risk assessment table in your write-up. Add any more risks you can think of, and ways to
manage them. Ask your teacher to check your risk assessment before you proceed.
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Procedure
Part A: pH
1 Predict whether each of your common chemicals will be acidic, basic or neither.

2 Test each of the six samples with a small strip of red litmus. Record the results.
3 Test each of the six samples with a small strip of blue litmus. Record the results.

Part B: Conductivity

Attach an alligator clip and lead to the positive terminal of the powerpack and another to the negative terminal.
Place the light bulb in its holder.

Connect the lead from the negative terminal to one terminal of the light bulb holder with another alligator clip.
Use a new alligator clip and lead to connect the other terminal of the light bulb holder to one graphite rod.
Connect the positive terminal lead to the other graphite rod using another alligator clip.

Measure and add 50 mL of 0.1 mol L' HCl into a beaker.

Place the two graphite rods into the beaker. Make sure they do not touch. Record your observations.

0 N O g b WON =

Repeat steps 6 and 7 for the remaining solutions (including the chosen household substances). Make sure to

clean the graphite rods with distilled water between each test.

Results

Record your results in a carefully formatted table.

Analysis of results

1 Use the evidence you obtained to classify each substance as acidic or basic.
2 Identify the difficulties you experienced when testing the common chemicals.
3 Were your predictions correct?

4 What trends did you observe?

Interpretation

5 How useful are the common properties for distinguishing acids from bases?
Do these descriptions allow you to distinguish other solutions as neither acid nor base?

6
7 What would be the advantage of having alternative ways of distinguishing acids and bases?
8

Why shouldn’t you test for some of the properties of acids, such as sour taste, stinging or burning the skin,

or for the bitter taste or slippery feel of bases in aqueous solution?

Types of acids

Acids such as hydrochloric acid (HCI), ethanoic (acetic) acid (CH,COOH) and nitric acid

(HNO,) will give up one proton (H* ion) per molecule. These are called monoprotic acids.

Ethanoic (acetic) acid can often be confusing because of the number of hydrogens present in the
compound; however, it can only donate a proton from the carboxyl -COOH group.

Other acids, such as sulfuric acid (H,SO,) and carbonic acid (H,CO,), can give up two
protons per molecule of acid. These are called diprotic acids. The ionisation of sulfuric acid is
shown below:

H,S0,(1) + 2H,0(1) — SO,*(aq) + 2H,0"(aq)
The complete ionisation of sulfuric acid occurs in two steps:
Step 1: H,SO (1) + H,0(1) - HSO, (aq) + H,0*(aq)

Hydrogen sulfate ion

monoprotic a substance
that can donate one
proton

diprotic a substance that
can donate two protons
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triprotic a substance that
can donate three protons

«l
&
O‘.

Weblink
Polyprotic acids and bases

78 NELSON QCE CHEMISTRY UNITS 3 &4

Step 2: HSO, (aq) + H,0(1) - SO,*(aq) + H,0"(aq)
Sulfate ion
Phosphoric acid (H,PO,) is a triprotic acid and ionises in three steps:
Step 1: H,PO (s) + H,0(1) - H,PO, (aq) + H,0*(aq)
Dihydrogen phosphate ion

Step 2: H,PO, (aq) + H,0(1) — HPO,*(aq) + H,0*(aq)
Hydrogen phosphate ion

Step 3: HPO,* (aq) + H,0(1) - PO ,*(aq) + H,0*(aq)
Phosphate ion

When polyprotic acids ionise, they form several different ions. For example, when sulfuric
acid ionises, it can form the sulfate ion (SO *) or the hydrogen sulfate ion (HSO,"). The hydrogen
sulfate ion can combine with a cation to produce a hydrogen sulfate salt such as potassium
hydrogen sulfate (KHSO,). This is an example of what are called hydrogen salts or acid salts.

Table 4.1.1 shows some common polyprotic acids and the anions they form.

TABLE 4.1.1 Some common diprotic and triprotic acids and the anions they can form
I SO T R T
Sulfuric H,SO, Hydrogen sulfate HSO,"
Sulfate S0,
Carbonic H,CO, Hydrogencarbonate HCO,"
Carbonate co.>
Sulfurous H,SO, Hydrogen sulfite HSO,”
Sulfite S0,
Phosphoric H,PO, Dihydrogen phosphate H,PO,"
Hydrogen phosphate HPO, 2
Phosphate PO,>
Citric CH;0, Dihydrogen citrate CH,0,"
Hydrogen citrate CH,0,>
Citrate C,H.0,*
DESCRIBING
1 Define:
a acid b base
¢ hydronium ion d monoprotic acid
e diprotic acid f triprotic acid.
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APPLYING

2 Write equations to show the complete ionisation steps of the following acids.
a Carbonic acid
b Citric acid

3 Potassium hydrogen phthalate (KC,H,0,) has the structure shown below. Identify
if this acid is monoprotic, diprotic or triprotic. Justify your answer with appropriate
ionisation equations.

H 0

| Il

H ~C Cc
\T/ \ﬁ/ ~No—H
H/C%C/C\C/O_K

| ll

H 0

Potassium hydrogen phthalate

Acid and base strength

Acids in which almost all the molecules ionise are defined as strong acids. Examples
of strong acids are hydrochloric acid (HCl) (Figure 4.2.1), nitric acid (HNO,) and
sulfuric acid (H,SO,). Acids in which only some of the molecules ionise are defined as
weak acids (Figure 4.2.2). The ionisation of weak acids is reversible; they can reach a dynamic
equilibrium where the rates of the forward and reverse reactions are equal. The chemical
equation is written with a reversible arrow (=), as introduced in Chapter 1. Examples of
weak acids are carboxylic acids such as vinegar (a solution containing ethanoic (acetic) acid
(CH,COOR), citric acid (C;H,O.) and lactic acid (C,H,0,), and hydrofluoric acid (HF) and
carbonic acid (H,CO,).

FIGURE 4.2.1 Strong acid ionisation:
HCl(aq) — Cl-(aq) + H*(aq). The dominant
species in the solution are CI- and H*.

FIGURE 4.2.2 Weak acid ionisation:
HF(aq) = F(aq) + H*(aq). The dominant
species in the solution is HF.

Figure 4.2.3 shows a comparison of the extent to which HCI and HF molecules ionise.

Strong bases always dissociate in water to form separate ions. They are not reacting
with water, only dissolving in the water. This reaction is called a dissociation reaction.
Examples of strong bases are sodium hydroxide (NaOH) and potassium hydroxide (KOH).
Weak bases, such as ammonia (NH,), have only a few ions dissociated in water. Since bases
also form ions when dissolved in a solvent, they are also considered to be electrolytes.

NaOH(s) — Na*(aq) + OH(aq)
NH,(aq) + H,0(1) = NH,*(aq) + OH (aq)

9780170483544

strong acid an acid that
readily donates a proton
to water

weak acid an acid in
which only a small
proportion of the
molecules donate a
proton to water

dissociation reaction a
reaction in which an ionic
substance separates in

a solution
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Weblinks
Strong and weak acids

Acid-base solutions
simulation
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HCl cI- HY HF B H*

FIGURE 4.2.3 A comparison of the extent to which strong acid (HCI) and weak acid (HF) molecules
ionise in water. (a) Almost all the HCI molecules are ionised. (b) Only some HF molecules are ionised.

Table 4.2.1 lists some examples of acids and bases.

TABLE 4.2.1 Examples of acids and bases

Hydrochloric acid (HCl(aq))* Group 1 hydroxides*
o Sodium hydroxide (NaOH)
*
Nitric acid (HNO,) Potassium hydroxide (KOH)

Sulfuric acid (H,S0,)* Barium hydroxide (Ba(OH),)*
Sodium oxide (Na,0)

Carboxylic acids* Ammonia (NH,)*
Ethanoic acid (CH,COOH) (vinegar or acetic acid)
Citric acid (C,H,0,)

Lactic acid (C,H,0,)

Carbonic acid (H,CO,(aq))* Amines*

Methylamine (CH,NH,)

Propylamine (CH,CH,CH,NH,)

Sulfurous acid (H,S0,) Sodium hydrogencarbonate (NaHCO,)

Phosphoric acid (H,PO,)

Oxalic acid (H,C,0,)

Nitrous acid (HNO,)

Arsenic acid (H,AsO,)

Potassium hydrogen phthalate (KHP) (KC,H,0,)

Hydrofluoric acid (HF)

*These are the acids and bases stated in the syllabus. You must know these acids and bases.

Concentration versus strength

The strength of an acid or base refers to its ability to ionise in solution. Stronger acids ionise
completely in solution. If the concentrations of a strong acid and a weak acid are the same, the
concentration of hydronium ions [H,0*] is higher in the strong acid solution than in the weak
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acid solution. (Recall from Year 11 that the square brackets [ | mean ‘molar concentration of’.)
Only a few molecules of weak acid ionise, so there is a lower concentration of hydronium ions
in aqueous solution.

As discussed in Year 11, the definitions of concentrated and dilute relate to the amount
of solute per unit of solution. The most convenient measure of concentration used in
chemistry is molarity.

« A concentrated solution is one in which a large amount of solute is dissolved in a given
volume of solvent.

» A dilute solution is one in which a small amount of solute is dissolved in a given volume
of solvent.

It is possible to have a dilute solution of a strong acid and a concentrated solution of a weak
acid. This is also true of strong and weak bases. ‘Concentrated’, ‘dilute’, ‘strong’ and ‘weak’ have
independent meanings in chemistry, as shown in Figure 4.2.4.

® ®
(® Positive ion OLOOO) ©)
o 0 9Q® ® ) ©)
(© Negative ion ® ® ©)
Un-ionised ®@ ® ®® ©) O ® ©)
molecule
Concentrated Dilute solution Concentrated Dilute solution
solution of a of a strong solution of a of a weak
strong acid acid weak acid acid

FIGURE 4.2.4 Concentrated and dilute solutions of a strong acid and a weak acid.

When distinguishing between strong and weak acids, it is useful to think of the reaction
between an acid and water as an equilibrium reaction, as shown in the formula:

HCl(aq) + H,0(1) = H,0*(aq) + Cl(aq)

HCl is a strong acid and so every HCI molecule ionises to give a proton that attaches to a
water molecule to give a hydronium ion. At equilibrium, there are no HCl molecules and so
the equilibrium is shifted to the right. This can be represented with an arrow showing only the
forward direction of the reaction.

HCl(aq) + H,0(1) — H,0*(aq) + Cl(aq)
0% 100%

Ethanoic acid (CH,COOH) is a weak acid and so only about 1% of the ethanoic acid
molecules ionise:

CH,COOH(aq) + H,0(1) = H,0*(aq) + CH,COO(aq)
=99% =1%

Similarly, strong and weak bases can be represented using equilibrium equations. Sodium
hydroxide (NaOH) is a strong base and so dissociates fully:

NaOH(s) + H,0(l) — Na*(aq) + OH(aq) + H,0(I)
0% 100%

Methylamine (CH,NH,) is a weak base and only some of the molecules dissociate:
CH,NH,(I) + H,0(I) = CH,NH,*(aq) + OH (aq)
=~ 99% =1%

-l
4
O‘~

Worksheet
Acids and bases

&

Syllabus link
Chapters 14 and 18 of
Nelson QCE Chemistry
Units 1 & 2 explained
the concept of strong/
weak acids and bases
and molarity.
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From the equilibrium equations above, it can be seen that a strong acid such as hydrochloric
acid will have many more ions in solution than a weak acid such as ethanoic acid. The same can
be said for strong and weak bases.

A simple way to differentiate between a strong acid (or base) and a weak acid (or base)
is to measure their relative electrical conductivities by using the simple apparatus shown in
Figure 4.2.5. A solution’s ability to conduct electricity is determined by the number of ions
it contains. The more ions, the greater the conductivity. A strong acid solution contains more
ions and so will have a higher electrical conductivity than a weak acid.

Conductivity Low

meter

Graphite

Strong acid Weak acid

FIGURE 4.2.5 Apparatus for measuring the conductivity of strong and weak acids

Another way to differentiate between a strong acid and a weak acid is to look at the rate of
reaction with metals. Magnesium reacts with an acid and produces hydrogen gas. The more
concentrated the acid, the faster the magnesium will react, and you will see lots of bubbles of
hydrogen being produced quickly. A strong acid and weak acid of the same concentration will
react at different rates with the same metal. As shown in Figure 4.2.6, a strong acid has more
hydrogen ions in the same concentration as the weak acid and will react faster than the weak
acid. The weak acid will eventually produce the same amount of hydrogen gas as the strong acid
from the same amount of magnesium; it will just take longer. At the same concentration, the
stronger acid will also have a lower pH.

2 e 2 r

Bubbles of oo
o o o o

o | hydrogen 5% °°
o o O gas S e
Vol

L OQ@Fvernesim— D@
Weak acid Strong acid

FIGURE 4.2.6 Reactions between strong and weak acids with magnesium metal. The strong acid
produces more bubbles of hydrogen gas than the weak acid at the start of the reaction.

Discriminating between strong and weak acids and bases involves understanding
how they differ in their behaviour in aqueous solutions. Table 4.2.2 summarises how
they can be differentiated on the basis of extent of dissociation, rate of reaction, pH and
electrical conductivity.
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TABLE 4.2.2 Properties to discriminate between strong and weak acids and bases

Strong acids/bases Weak acids/bases

Extent of dissociation/
ionisation

Note: There is a relationship
between dissociation and
strength.

All molecules ionise
(dissociate) in water.

Only some molecules ionise
(dissociate) in water.

Rate of reaction

The reaction occurs

more rapidly with other
substances because of the
high concentration of ions in
solution.

The reaction occurs slowly
with other substances
because of the low
concentration of ions in
solution.

pH

Note: There is a relationship
between pH and
concentration. This will be
explored further in section 4.4.

Strong acids have a very
low pH because of the high
concentration of hydrogen
ions.

Strong bases have a very high
pH because of the higher
concentration of hydroxide
ions (lower concentration of
hydrogen ions).

Weak acids have a higher pH
than strong acids of the same
concentration because they
release fewer hydrogen ions.

Weak bases have a lower pH
than strong bases of the same
concentration because they
release fewer hydroxide ions.

Electrical conductivity

They are good conductors

of electricity because they
completely ionise (dissociate)
into ions, which carry electric
current. They are strong
electrolytes.

They are poor conductors
of electricity because only
some molecules dissociate,
resulting in fewer ions in
solution. They are weak
electrolytes.

These differences are crucial when predicting and explaining the behaviour of acids and

bases in various chemical reactions and practical applications.

LEARNING CHECK 4.2

DESCRIBING

1 Define:

a strong acid
¢ concentrated acid

APPLYING

b weak acid
d dilute acid.

2 Write chemical equations to show the ionisation/dissociation of the following

substances in water.
a Nitric acid (HNO,)

¢ Barium hydroxide (Ba(OH),)

ANALYSING

b Oxalic acid (H,C,0,)

d Propylamine (CH,CH,CH,NH,)

3 Sulfuric acid (H,S0,) and carbonic acid (H,CO,) are diprotic acids. Identify which acid
has the higher conductivity (assume the two acids are of the same concentration).
Justify your answer with equilibrium equations.
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self-ionisation constant
(K,,) the equilibrium
expression that shows
water ionising into

two ions

=

FORMULA AND
DATA BOOK

4 Analyse the data in Table 4.2.3 to determine the strengths of bases X and Y.

TABLE 4.2.3 Data for two bases X and Y

Concentration (mol L") m Electrical conductivity (mS cm~")

0.01 11.98 2.36

Y 0.01 8.74 0.90

5 Table 4.2.4 shows relative conductivity values for five substances, all of 1 mol L™
concentration. The substances tested were, in no particular order, carbonic acid (H,CO,),
hydrochloric acid (HCI), ethanoic acid (CH,COOH), phosphoric acid (H,PO,) and sulfuric
acid (H,S0,).

From the results, identify each substance. Explain your reasoning.

TABLE 4.2.4 Relative conductivity values for five substances

A 8.0x10™*
B 2.0
C 9.2x10*
D 1.7 %1073
E 1.0

%3 Self-ionisation of water

There is experimental evidence to show that in extremely pure water, some water molecules
react with each other to produce hydronium ions (H,0*(aq)) and hydroxide ions (OH"(aq)). This
is shown in Figure 4.3.1. This is an equilibrium reaction.

Water undergoes self-ionisation according to the equation:

H,0(D) + H,0() = H,0*(aq) + OH (aq)

QX299

2H,0 H,0*

FIGURE 4.3.1 Water reacts with itself in an equilibrium reaction to form hydronium and hydroxide ions.

This reaction occurs only to a very, very small extent; it is reversible, and the equilibrium
constant is small. Only a small proportion of water molecules ionise; therefore, water is
considered a weak electrolyte. The concentration of water is very large (approximately 55 M)
and so effectively does not change significantly when it self-ionises. To represent this, we use
the self-ionisation constant (K ), the ionic product constant for water, where K = [H*][OH"].
Since [H,0(D)] does not change significantly, it can be removed from the self-ionisation constant.
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In pure water, the concentration of H* equals the

concentration of OH™: KEY FORMULA
[H']=[OH] lonic product constant for water
This means that: K, = [H*] [OH-], where K = 1.00 x 10 mol2 dm-®
K, = [H*][OH] = 1.00 X 10" at 25°C (or 298 K) at 25°C (or 298 K)

Therefore, [H*]*=10"*

Therefore, [H'] =v10™*
=10"M
So, at 25°C, when water is neutral, [H*] = [OH"] = 107 M. This is true only when the
temperature is 25°C.
When [H*] > [OH"], the solution is acidic. At 25°C, this is when [H] > 107 M. When
[H*] < [OH], the solution is basic or alkaline. At 25°C, this is when [H*] < 107 M.

WORKED EXAMPLE 4.3.1

Calculate the concentrations of H* ions and OH-ions in a 3.48 M solution of HCI.

ANSWER
1 Write the ionisation equation.
HCI(g) + H,0(I) — H,0*(aq) + Cl-(aq)
2 Determine [H*] from the acid concentration.

HCl is a strong acid and so every HCI molecule will dissociate.
Since the relationship between HCl and H,0" is 1:1, if [HCI] is 3.48 M, then [H*] =3.48 M

3 Determine the formula.
Use K, =[H*][OH]=1.00 x 10 to determine [OH"].
4 Substitute the known values.
3.48 x[OH]=1.00 x 10"
1.00 x 107"

[OH]=—""——-=287%x10"M
3.48

The concentration of OH- in this HCI solution is very small. We would expect this for
a solution of a strong acid.

WORKED EXAMPLE 4.3.2

«l
4
(s

Weblinks
Self-ionisation of water
and the pH scale

Self-ionisation of water

Water autoionisation and K,

A solution of potassium hydroxide (KOH) is prepared in a volumetric flask. 150 g of KOH is dissolved in de-
ionised water and the solution is made up to 250.00 mL. Calculate the concentrations of the H,0* ions and

OH-ions in this solution.

ANSWER

1 Determine the formula to calculate the concentration of the potassium hydroxide solution.

Remember that volume is calculated in litres.
n

c(KOH) = —
v

2 Calculate the amount of KOH.

nkoH) =T =190 _5 673 mol
M 5611
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3 Calculate the concentration of KOH.
c(koH) = 2273 _10.69 M
0250
4 Write the dissociation equation.
KOH(s) — K*(aq) + OH-(aq)
5 Determine [OH"] from the KOH concentration and substitute the known values.
KOH is a strong base and so every KOH molecule will dissociate.
Since the relationship between KOH and OH- is a 1:1, if [KOH] is 10.69 M, then [OH-] = 10.69 M
Use K, =[H*][OH]=1.00 x 107 to determine [H*].
K, = [H*Y][OH]=1.00x 104
[H*] x 10.69 =1.00 x 1074
1.00x 10"

[H]=—=—  =935x10""M
10.69

Again, this is a very small number, which is to be expected in a concentrated alkaline solution.

LEARNING CHECK 4.3

DESCRIBING

1 a Explain what is meant by the self-ionisation of water.
b DefineK,.

APPLYING

2 Calculate the concentrations of the H* ions and OH- ions in the following solutions.
a 1.45MHNQO,
b 0.89M NaOH
¢ 1.50MH,SO,(consider the number of H* that will be produced when ionised)
d 0.89 M Ba(OH), (consider the number of OH- that will be produced when dissociated)

o

25 g of KOH dissolved in 50 mL of water (Recall that n= g )
f 2.76 g of HCl dissolved in 125 mL of water

oK m pH scale

Weblink
What is the pH scale? The pH scale is a measure of the concentration of hydronium ions. The concentration can

vary widely, generally from 1M to 1.00 x 10™* M. Because this range is so large, chemists
introduced the pH scale to measure the concentration. The pH scale can indicate the acidic
KEY FORMULA or basic nature of substances.
The pH of a solution is defined as the negative logarithm (to the base 10) of the hydrogen ion
pPH = —|0910[H*] concentration: pH = —log [H*]
Sometimes, you may see the concentration of hydronium ions [H,0"] used to calculate pH
or when discussing acids; however, [H'] is generally used for simplicity.

giE A change of 1 unit of pH is the same as changing the concentration of the solution by a
FORULAAND factor of 10. This is because of the logarithmic pH - a change in concentration of H* ions in
DATA BOOK solution by a factor of 10.

« For a solution in which [H*] =0.1 M (or 10™), the pH is 1.0.
« For a solution in which [H*] = 0.01 M (or 107?), the pH is 2.0.
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« For a solution in which [H*] = 0.000 0001 M (or 1077), the pH is 7.0.
« Notice that [H*] = 10?1,

It is relatively straightforward to work out the pH when the concentration is 0.1 or 0.01, or
any factor of 10. When the concentration is 0.015, which is between 0.1 and 0.01, you need a
calculator. For [H'] =0.015M, the pH = -log, (0.015) = 1.82.

WORKED EXAMPLE 4.4.1

a Calculate the pH, given [H"] = 1.4 x 10-° M.
b Calculate [H*] when pH = 8.5.

ANSWERS
a 1 Determine the formula.
pH =—log, [H']

2 Substitute the known values.
pH =-log, (1.4 x 105)

3 Calculate the answer.
pH=4.9

b 1 Determine the formula.

Since [H*] = 10"

2 Substitute the known values.
[H*] =10-85

3 Calculate the answer.
[H]=3.2x10°M

pH of polyprotic acids

The pH of a 0.1 M solution of sulfuric acid (H,SO,) is about 0.69, not 1.0, which means it is a
more acidic solution. The pH indicates that there are more hydronium ions than 0.1 M. The pH
value can be used to calculate the concentration of hydronium ions [H,0*] as almost 0.2 M. This
is because sulfuric acid reacts with water, as shown:

H,SO,(1) + 2H,0(1) = SO,*(aq) + 2H,0"(aq)

Recall from section 4.1 that the complete ionisation of sulfuric acid occurs in two steps. The
second step involves HSO, . This is a weaker acid than sulfuric acid and not all the molecules
will react with water and ionise. So, the concentration of hydronium ions is not quite twice the
concentration of the acid. However, in neutralisation reactions, both protons will be donated.
Effectively, the diprotic acid requires twice the number of moles of base.

For each molecule of a diprotic acid, the number of protons that may be donated is two.
The concentration of the acid may be 0.1 M, but as two protons can be donated when reacting
with strong bases, this must be taken into account. The hydronium ion concentration of strong
diprotic acids is greater than that of a monoprotic acid of the same acid concentration.

Calculating the pH of alkaline solutions
If an alkaline solution has a known concentration of hydroxide ion, [OH"], we can calculate the
pH from the relationship:

Kw =[OH][H"]=1.00 x 107

Once the hydrogen (or hydronium) ion concentration, [H*], is known, we can calculate the pH.
In a 0.01 M solution of NaOH, [OH"] = 0.01.

K, =1.00x 10 = [H*] x 0.01

&

Syllabus link
Chapter 18 of Nelson
QCE Chemistry Units 1
& 2 introduces the

pH scale.
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Use K,, = [HT][OH]

|

l

[Strong acid] «—— H1] e [OH] «——— [Strong base]

R

pH

FIGURE 4.4.1 The pathway for performing pH calculations for strong acids and strong bases

14
So, [H] = 100 X 10 7 _ 1 59 x 1022
0.01

So, pH = —log, [H*] = —log,, (1.00 x 107?) =12

Figure 4.4.1 shows the pathway for performing pH calculations for strong acids and bases.
Table 4.4.1 lists the pH values for solutions and corresponding [H*] and [OH"]. Notice that the pH
scale 0-14 corresponds to these values. This range is due to the K of water, which is equal to 1.00 x
107 at 25°C. However, lower and higher pH values are possible for concentrated solutions of strong
acids and bases; for example, 10 M KOH has a pH of just less than 15. Figure 4.4.2 shows the pH scale.

TABLE 4.4.1 pH values for solutions and the corresponding hydrogen and hydroxide ion concentrations

pH 1.0 3.0 5.0 7.0 i 9.0 11.0 13.0
107 102 10 107 | 10° 10" 10
1013 10 10 107 | 10° 10 107
Neutral
Increasingly acidic Increasingly basic

1 I I 1 I 1 1 I I I L Il

. N
1 2 3 4 5 6 7 8 9 10 11 12 13 147

>
N

[H*1=10""mol L™’ [H*1=10"*mol L™’ [H1=107molL™"  [H*1=10"""molL™" [HT]=10""molL™"

[OH]=10""molL™" [OH]=10"""molL™" [0H]=10"molL™" [0H]=10"*molL™" [OH]=10""molL""
=1mol L™’

FIGURE 4.4.2 The pH scale

WORKED EXAMPLE 4.4.2

Calculate the pH of a 0.02 M solution of sodium hydroxide.

ANSWER

1 Write the dissociation equation.
NaOH is a strong base and dissociates 100% in solution.
NaOH(s) — Na*(aq) + OH-(aq)

NELSON QCE CHEMISTRY UNITS 3 &4 9780170483544



2 Determine [OH].
The relationship between NaOH and OH- is 1:1.
[OH-] = original [NaOH] = 0.02 M
3 Determine the formula.
K, =[H][OH]=1.00x 10
4 Substitute the known values.
[H*][0.02] = 1.00 x 10
1.00 x 107
0.02
=5x10"M
5 Calculate the pH of the solution.
pH = —log[H"]
=—log(5x10%) =12.3

Hence, [H*] =

The pOH scale

The pH scale is a measure of the concentration of hydrogen ions, H* and is
determined by using pH = -log, [H"]

In the same way, it is possible to produce a scale that is a measure of the
concentration of hydroxide ions, OH". This is called the pOH scale and is
determined using:

pOH =-log, [OH"]

So, if a strong acid has a low pH, then a strong base has a low pOH.
For [OH"] = 0.02 M, the pOH = -log, (0.02) = 1.7.

WORKED EXAMPLE 4.4.3

a Calculate the pOH, given [OH]=1.25x10°M

ANSWERS
a 1 Determine the formula.
pOH =-log, [OH]

2 Substitute the known values.
pOH =-log,, (1.25x 105)

3 Calculate the answer.

pOH=4.9
b 1 Determine the formula.
[OH-] = 10-roH
2 Substitute the known values.
[OH-]1=10"92

3 Calculate the answer.
[OH1=6.3x10"°M

)
&
O‘.

Weblink
pH and pOH calculations

Worksheet
The pH scale

KEY FORMULA
pOH =-log,, [OH"]

1=

FORMULA AND
DATA BOOK

b Calculate [OH-] when the pOH =9.2

You may be noticing another relationship between pH and pOH in these examples. If we
add pH to pOH, the answer is 14. So, if we know the pH of a solution, we can easily work out
the pOH and vice versa. For example, the pOH of a solution with a pH of 5.3 would be equal to:

pOH=14—-pH=14-53=8.7

Figure 4.4.3 shows all the interrelationships between [H*], [OH], pH and pOH.

9780170483544
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14 —

1x10 14 -
10~ [HT] —log,,[OH"]
—_— [H] —_— g
~log;glH"] 1x 10" 107POH
[OH™]
14 — pOH
Vs%4
Syllabus link FIGURE 4.4.3 Interrelationships between [H‘], [OH], pH and pOH
Chapter 17 of Nelson
QCE Chemistry

wis1a2descrived | PH Of acid—base reactions

neutralisation
reactions. Neutralisation is the reaction of an acid and a base to form a salt and water. According to

this definition, if we mix the correct amounts of acid and base, then the resultant solution is
neutral neither acidic nor neutral - neither acidic nor basic. If the solution is not neutral - that is, it does not have a pH
basic; has a pH of 7 of 7 — it is because one reactant was in excess. However, this is only true when strong acids are
reacted with strong bases.

WORKED EXAMPLE 4.4.4

If 25 mL of a 0.50 mol L™ solution of NaOH was added to 75 mL of a 0.3 mol L™ solution of H,SO,, calculate
the final pH of the solution.

ANSWER

1 Write a balanced equation.
H,S0,(aq) + 2NaOH(aq) — Na,S0,(aq) + 2H,0(l)

2 Calculate the number of moles of each substance.
¢(NaOH)=0.50mol L7, V=25mL=0.025L,n="?

0.50=_"
0.025

n(NaOH) = 0.50 x 0.025 =0.0125 mol
¢(H,S0,)=0.30mol L7, V=75mL=0.075L,n="?

030=—_"
0.075

n(H,S0,) =0.30 x 0.075=0.0225 mol

3 Determine which reactant is in excess.
To determine the theoretical value of H,SO, required to react with all 0.0125 mol of NaOH:

n(H,S0,) = n(NaOH) x%

=0.006 25 mol

Since there is 0.0225 mol of H,SO, available, it is in excess.
H,SO, is in excess by 0.0225 - 0.006 25 = 0.016 25 mol
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4

Calculate [H*].
Since it is a diprotic acid, the relationship between n(H,S0,) and n(H*) is 1:2.

Therefore, n(H*) =0.01625 x 2 =0.0325
Using c=§,where V=25mL+75mL=0.100L

0.0325

[H]=—=——=0.325mol L, H* is in excess.
0.100

Calculate the pH of the final solution.

pH =—log[H']

=-log(0.325) = 0.488

LEARNING CHECK 4.4

APPLYING

1

10

1

12

Calculate the pH of a solution, given:

a [H]=0.001M b [H]=12x10"°M.

Barium hydroxide is a strong base. Calculate the pH of a 0.02 M barium hydroxide solution.
If the pH of the NaOH solution was 9.5, calculate the concentration of the solution.
Determine the pOH of a solution, given:

a [OH]=0.0001M b [OH]=6.5x10"°M.

Determine the concentrations of H* and OH- in an aqueous solution of:

a black coffee, pH 5.0

b oven cleaner, pH 14.0

c coladrink, pH 2.5

d toothpaste, pH 5.8.

Calculate the pH of the solutions formed with the addition of:
a 100cm? of water to 25 cm? of 0.100 mol dm= NaOH

b 25cm? of water to 100 cm?® of 0.100 mol dm-3 Ba(OH),.
Calculate the resultant pH when:

a 50mL of 0.1 M NaOH is added to 100 mL of 0.1 M HCI

b 50mL of 0.2M HCl is added to 100 mL of 0.1 M NaOH

¢ 100 mL of a solution of pH 6 is diluted with 100 mL of water.

Determine how many grams of barium hydroxide is required to neutralise 500 mL of
0.2 M nitric acid. (Recall that n = % )

Determine how much 0.1 M NaOH is required to neutralise 100 mL of 0.277 M
hydrochloric acid solution.

Calculate the pH of a solution produced by mixing 38.95mL of 0.108 M barium
hydroxide (Ba(OH),) and 44.86 mL of 0.116 M nitric acid (HNO,).

25mL of a 1.087 M solution of hydrochloric acid is placed into a 250.00 mL volumetric
flask. Enough distilled water is added to the flask to make up the volume to 250.00 mL.
20.00 mL of this solution was transferred to a 100.00 mL volumetric flask and made up
to the mark with distilled water. Determine the pOH of this solution.

Determine the volume of water that would need to be added to 500 mL of HCI to
change the pH from 1.00 to 2.00. Explain your reasoning.

9780170483544 CHAPTER 4 | ACIDS, BASES AND pH

91




CHAPTER
SUMMARY

Properties of acids and bases

Acids Bases
Monoprotic + Taste sour + Sodium hydroxide | « Taste bitter
+ Hydrochloric '+ pH<7 (NaOH) - pH>7
acid (HCI) + Turn blue litmus red + Potassium + Basesturnred
Nitric acid + Neutralise bases to hydroxide (KOH) litmus blue
(HNO,) produce a salt and + Barium hydroxide |« Neutralise acids to
+ Ethanoic acid water (Ba(OH),) produce salt and water
(CH,CO0H) |+ Proton donors * Ammonia (NH,) |+ Increase [OH]in
L (proton = H*) +  Methylamine solution
Diprotic o Increase [H] in (CH,NH,) + Are electrolytes
Sulfuric acid solution + Feel slippery
(H,S0,) Are electrolytes
Triprotic + React with carbonates
Phosphoric to produce a salt,
acid (H,P0,) water and CO,
+ React with active metals
to produce a saltand H,

Acid and base strength

Strong acids/bases Weak acids/bases

Extent of Complete ionisation/ Only some particles ionise/dissociate
dissociation dissociation Examples:
Examples: HF(aq) = H*(aq) + F(aq)

HCl(aq) — H*(aq) + Cl-(aq) NH,(aq) + H,0(]) = NH,*(aqg) + OH-(aq)
NaOH(s) — Na*(aq) + OH-(aq) | The reactants have a higher

The products have a higher concentration.

concentration.

Rate of reaction Fast Slow

pH Extreme (low for acids, high for | Moderate (closer to neutral)
bases)

Electrical High Low

conductivity

Concentration vs strength

OO g o © 0® %0 ° °

o
(® Positive ion OLOOO @‘ 09 P e
= O 9® |®© ©) o ®
© Negative ion |® ©) ® PY ® o PY
® Un-ionised @@ o @@ ©) O PY ®. ® O P
molecule L o
Concentrated Dilute solution Concentrated Dilute solution
solution of a of a strong solution of a of a weak
strong acid acid weak acid acid
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Self-ionisation of water

«  Water can self-ionise according to the equation:
H,0(l) + H,0(1) = H,0*(aq) + OH"(aq)

«  Water is a weak electrolyte.

. Self-ionisation constant, K , the ionic product constant for water.
K =[H'][OH"], where K, =1.00 X 10™* mol* dm™* at 25°C (or 298 K)

« In pure water, the concentration of H* equals the concentration of OH™: [H*] = [OH"].
At 25°C, when water is neutral, [H*] = [OH"] =107 M.

pH scale

) o Neutral ] )
Increasingly acidic Increasingly basic

1 I Il 1 I Il

1 2 3 4 5 6 7 8 9 10 11 12 13 14

ya N
N > 4

[HT1=10""mol L™" [HT1=10"*mol L™" [H1=10"7molL™"  [HT]=10"""molL™" [HT]=10""molL™’
[OH1=10""molL™" [OH]=10"""molL™" [0H ]=10""molL™" [0H]=10"*molL™" [OH"]1=10""molL~"
=1mol L™’

Relationship between pH, pOH, [H*] and [OH"]

14 —
1x 10" -
10~ [H+] —|Og10[OH ] b
pr— (* 1 Rm— (| iy [ —T)T
N _|0g10[H+] 1 X 10—14 10—pOH
[OH™]
14 — pOH
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CHAPTER MULTIPLE CHOICE

EXAM 1. Identify which of the following could be categorised as a strong diprotic acid.
A HS
B HSO,
C HSO,
D HCO,

2. Identify which of the following bases would have the highest electrical conductivity.

A NH,

B PH,

C RbOH
D CHNH,

3. Identify which of the following shows the correct ionisation products in the correct order
for arsenic acid (H,AsO,).
A  AsO/}” - HAsO> — H,AsO,~
B AsO}’ — H,AsO,”— HAsO/
C HAsO/> — AsO; — HAsO "
D H,AsO,”— HAsO>— AsO*"
4. Which of the following is true about weak acids?
I They are poor conductors of electricity.

II  They have a low pH.
III They react slowly with carbonates to produce carbon dioxide.

A TandIIonly
B IandIIIonly
C IIandIII only
D I, ITandIII

(GRS LI NI T T RS E T ETG ERAT G ] SCSA 2023 MCQ Q19 J
5. What can be concluded from the statement K = [H*][OH" | =1.0 x 10™* at 25°C?

A Pure water has a pH of 14.
B  Pure water does not react with acids or bases.

C The concentration of hydrogen and hydroxide ions is not equal.
D The concentration of hydrogen ions is 1.0 X 107 mol L.

6. Inanaqueous solution of 0.0034 M H,SO,, what is [H,0*(aq)]?
A 17x103M
B 34x10°M
C 6.8x10°M

D 0.034M
7. Calculate the pH of a solution if the concentration of RbOH is 2.45 x 107 M.
A 26
B 11.34
C 11.39
D 13
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8. A solution containing nitric acid (HNO,) has a pH of 2.3. Calculate [OH"].
A 50x10°M
B 23x10"M
C 1.0x10"M
D 20x10%2M

9.  Which of the following is possible for an acid?

Acid strength Concentration (M) pH
A Strong 0.01 2.0
B Weak 0.01 1.0
C Strong 3 5.5
D Weak 3 -0.5

10. Two flasks contain two different acids labelled as HA and HB. A student measures the pH
of each flask as pH 1 and pH 3, respectively. Which of the following statements is true?

A HA isstronger that HB.

B  HBisstronger than HA.

C [H] in the solution of HB is three times greater than [H*] in the solution of HA.

D [H'] in the solution of HA is 100 times greater than [H*] in the solution of HB.
SHORT RESPONSE

11. Two solutions, X and Y, are 100% ionised and are known to be acidic. Solution Y has an
electrical conductivity approximately twice that of solution X. If both solutions have the

same concentration, deduce an identity for solution X.

12. Calculate [OH"] when the pOH of a solution is:

a 6
b 117
13. Determine the pH of each of the following strong electrolytes.
a 0.01MHNO,
b  0.005M Ca(OH),
¢ 0.1M NaOH
d 0.005MH,SO,
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CROSS-CHAPTER QUESTION

14. Pure water undergoes self-ionisation according to the equation:
H,0() + H,0(1) = H,0*(aq) + OH"(aq)
The self-ionisation of water, K, is [H"][OH | = 1.00 X 10 at 25°C.

The following data was collected during an experiment.

0 1.5x107"
10 3.0x107
20 6.8x107°
30 1.5x 10
40 3.0x10™

a  Calculate [H'] and the pH of water at:
i 10°C
ii  40°C.

b  Using Le Chatelier’s principle, determine whether the self-ionisation of water is an
endothermic or exothermic process.

¢ Identify what changes would occur to [H*] and the pH when NaOH is added to the
pure water.

d Identify what changes would occur to [OH] and the pOH when AgNO, is added
to the pure water.

e  Evaluate the following statement. ‘Pure water is still neutral no matter what
temperature the water is.” Explain your reasoning.

DATA ANALYSIS

15. Apply understanding and analyse data

Four monoprotic acids of the same concentration are labelled as follows.

T

A [OH]=5.0%x10""M
B [H]=0.20M

c pOH =11.30

D pH =1.20

Sequence the four solutions in order of decreasing acidity. Use calculations to support
your answer.
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Bronsted—Lowry model

SCIENCE UNDERSTANDING
Describe acids and bases in equilibrium systems using the Brgnsted—Lowry model.
SYLLABUS lain th d del using chemical i hat ill h f
DOT POINTS Explain the Brgnsted—Lowry model using chemical equations that illustrate the transfer

of hydrogen ions (protons) between conjugate acid—base pairs.

Identify that amphiprotic species can act as Brgnsted—Lowry acid (or base).

Determine the formula of the conjugate acid (or base) of any Brgnsted—Lowry base

(or acid).

Identify that buffers are solutions that are conjugate in nature and resist a change in pH
when a small amount of an acid or base is added. (Buffer calculations are not required.)

Apply Le Chételier’s principle to explain how buffer solutions respond to the addition of
hydrogen ions and hydroxide ions.

Chemistry 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024
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Introduction

Work carried out independently by Danish chemist Johannes Nicolaus Brgnsted
(1879-1947) and English chemist Thomas Martin Lowry (1874-1936) in 1923 led to
some important insights in acid—base chemistry, including recognising the reversibility
of acid and base reactions and quantifying the strength of acids and bases.

An appreciation of this theory enables a clearer understanding of the role of buffer
solutions in many important biological systems.

Practical Worksheets
® Simple buffer systems (online-only ® The Brgnsted-Lowry model

resource) e Buffers and Le Chatelier's
principle

' To access resources above, visit

': Ke N e I-SO n M | ndTap cengage.com.au/nelsonmindtap




ASSUMED KNOWLEDGE

v Acids donate protons.

v pH is a quantitative value that indicates how acidic or basic a substance is.

v The concept of strong and weak for acids and bases is based on the proportion/
percentage of particles of acid or base that ionises or dissociates in water.

v At equilibrium, the forward and reverse reactions occur simultaneously.

v When the rates of the forward and reverse reactions are the same, equilibrium has
been reached.

v Le Chatelier's principle is used to predict shifts in equilibrium as a result of a change.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v describe acids and bases using the Brgnsted—Lowry model

explain the Brgnsted—Lowry model using chemical equations

identify the acid and its conjugate base in a reaction

Identify the base and its conjugate acid in a reaction

determine the formula of the conjugate acid (or base) from any Brgnsted—Lowry base

(or acid)

identify that amphiprotic species can act as Brgnsted—Lowry acids or bases

v identify the nature of buffers and how they work

v apply Le Chatelier's principle to explain how buffer systems respond to addition of
hydrogen ions and hydroxide ions.

v
v
v
v

<

Bronsted—Lowry model

The ammonia dilemma

Ammonia, a weak base, challenged early chemists’ definition of a base. The dilemma facing

chemists was that either ammonia was not a base or that their definition was inaccurate or
«l

o‘: incomplete. Some chemists argued that the definition was acceptable because when ammonia
reacts with water, the following reaction occurs:
Weblink NH,(aq) + H,0(1) = NH,*(aq) + OH (aq)
Reaction of ammonia with
hydrogen chloride But ammonia gas reacts with hydrochloric acid fumes to form ammonium chloride. There is

no water and no OH- or O% ions are involved:
NH,(g) + HCI(g) — NH,CI(s)

This reaction showed that the original definition of an acid and a base needed to
be redefined.

Redefining acids: Brgnsted—Lowry acids

In the Bronsted-Lowry model, acids and bases are defined by their ability to donate or accept
protons (H* ions). This model extends beyond the limitations of earlier definitions, such as the
Arrhenius model, and applies to a broader range of chemical reactions, particularly those that
occur in non-aqueous systems. This has resulted in new definitions for acids and bases.
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« A Bronsted-Lowry acid is a substance that donates a proton (H") to another substance.
« A Bronsted-Lowry base is <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>