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AREA OF STUDY 2
HOW CAN THE YIELD OF A CHEMICAL PRODUCT BE OPTIMISED?

6 Extent of chemical reactions

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

6.1.1 Introduction

FIGURE 6.1 The sour taste of
lemons is due to an equilibrium
reaction involving citric acid
and water.

Equilibrium reactions, or reversible reactions, are chemical
reactions that appear not to use up all their reactants. While this
might seem strange at first, such reactions are very common.
Chemical reactions involving equilibria are all around us. Weak
acids are examples of substances that produce equilibrium
reactions when dissolved in water. The sour taste of lemons is
due to a weak acid — citric acid. Many other equilibrium reactions
occur inside our bodies and play a vital role in keeping us alive and
healthy.

Equilibrium reactions respond to changes, which is an important
feature in how they function to keep us healthy. Knowledge of the
equilibrium law and the ability to predict the response to change
is vital to the understanding of these reactions. Additionally,
equilibrium reactions are at the heart of processes that manufacture
some of our most widely used chemicals. A thorough knowledge
of equilibrium reactions is therefore essential to their efficient
manufacture.

Understanding of equilibrium principles presented in this topic,
is built upon knowledge of reaction rates and their explanations
using collision theory, thermochemical equations and the
broad division of reactions into exothermic and endothermic
classifications. These principles are then combined with moles
ratios and stoichiometry to calculate moles, concentrations of
substances and how to manipulate chemistry to maximise products.

6.1.2 What you will learn

KEY KNOWLEDGE
In completing this topic, you will investigate:
• the distinction between reversible and irreversible reactions, and between rate and extent of a reaction
• homogenous equilibria involving aqueous solutions or gases with reference to collision theory and
representation by balanced chemical or thermochemical equations (including states) and by
concentration–time graphs

• calculations involving equilibrium expressions and equilibrium constants (Kc only) for a closed
homogeneous equilibrium system including dependence of value of equilibrium constant, and its units, on
the equation used to represent the reaction and on the temperature
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• Le Châtelier’s principle: identification of factors that favour the yield of a chemical reaction, representation
of equilibrium system changes using concentration-time graphs and applications, including competing
equilibria involved in the occurrence and treatment of carbon monoxide poisoning resulting from
incomplete combustion of fuels.

Source: VCE Chemistry Study Design (2016–2021) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Resources

Digital documents Key science skills (doc-30903)

Key terms glossary – Topic 6 (doc-31400)

Practical investigation logbook (doc-31401)

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and practice
exam question booklet (doc-31402).

6.2 Reversible and irreversible reactions

KEY CONTENT
• The distinction between reversible and irreversible reactions, and between rate and extent of a reaction

6.2.1 Reversible reactions
In all the stoichiometric calculations you have done so far, an important assumption has been that the
reaction proceeds to completion. In other words, you have assumed, subject to mole ratios and amounts
present, that all reactants are converted into products. This allowed the amount of expected product to be
calculated. While many reactions follow this pattern, many do not go to completion. The following two
examples illustrate this point.
Reaction 1: The decomposition of hydrogen bromide FIGURE 6.2 A typical concentration

versus time graph for the decomposition
of hydrogen bromide

[H
B
r]

Time

If hydrogen bromide is placed in a suitable container and
heated, it decomposes according to the following equation:

2HBr(g) → H2(g) + Br2(g)

If the products are analysed after some time, it is found that
the amounts of hydrogen and bromine are as predicted from a
normal stoichiometric calculation. If the concentration of the
hydrogen bromide is monitored against time, a graph similar
to that shown in figure 6.2 is obtained.

Another way to describe this reaction is that it ‘goes
completely to the right’. The ‘right’, of course, means the
product side of the chemical equation.
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Reaction 2: The decomposition of hydrogen iodide
FIGURE 6.3 A typical
concentration versus time graph
for the decomposition of hydrogen
iodide

[H
I]

Time

The equation for the decomposition of hydrogen iodide is:

2HI(g) ⇌ H2(g) + I2(g)

At first glance, you might expect this decomposition to be very
similar to that shown for hydrogen bromide. However, when this
decomposition is attempted under similar conditions to the hydrogen
bromide reaction, the yield of hydrogen and iodine is always less
than the stoichiometric prediction. This occurs no matter how long
you wait. Furthermore, it appears that the concentrations of all
species reach certain values and thereafter remain constant. The
graph in figure 6.3 shows this effect.

This second example illustrates what we call an equilibrium
reaction, which occur when reactions do not completely convert all
the reactants into products — some reactants always remain, mixed
with the products of the reaction. Because such reactions are quite common, a method using them to make
predictions would be an advantage. The profitability of an important industrial process costing millions of
dollars to research and develop could depend on such calculations.

Strictly speaking, all chemical reactions are equilibrium reactions. However, in many cases the degree of
backward reaction (that is, products re-forming reactants) is so small that it can effectively be ignored.

Equilibrium reactions are also called reversible reactions, as opposed to irreversible reactions. Their
equations show a double arrow (⇌) rather than a single arrow (→). An example of an irreversible reaction
is the combustion of fuel. When a fuel burns to produce carbon dioxide and water, these products do not
react with each other to re-form the fuel.

Equilibrium reactions can be classified as homogeneous or heterogeneous, depending on the physical
states of the substances involved. If these states are all the same, it is called a homogeneous equilibrium.
If they are different, it is heterogeneous, and are discussed in greater detail in section 6.3.1.

Reversible reactions are equilibrium reactions where reactants re-form into products to a
significant extent. The yield of the products is always less than the stoichiometric
prediction.
Irreversible reactions occur only in the forward direction; reactants do not re-form from

products.

6.2.2 The distinction between rate and extent of a reaction
It is important that the terms ‘rate’ and ‘extent of a reaction’ are not confused. The rate of a reaction
is simply an indication of how fast it occurs. This shows how long it takes to establish the position of
equilibrium. The extent of a reaction describes the degree to which reactants are converted into products.
This can also be thought of as the ‘position’ of equilibrium or ‘how far to the right’ (with respect to the
equation) it is situated. This degree of conversion may be quantified by reference to the equilibrium
constant, Kc, for the reaction concerned (see section 6.4.1 for more on the determination and use of Kc
values). A high value for Kc indicates a significant conversion of reactants into products, and such a reaction
would be described as having occurred to a significant extent. A low value indicates the opposite — that
the reaction has occurred only to a small extent and there has been only a small amount of conversion of
reactants into products.

It is possible to have slow reactions occur to a great extent as well as other combinations between rate
and extent. An explosion, for example, can be described as a fast reaction that occurs to a large extent,
whereas it is possible to have equilibrium reactions that occur at moderate rates and to moderate extents.
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A catalyst has no effect on the degree of conversion of reactants into products (the position of
equilibrium). A catalyst affects the rate of the forward reaction and the rate of the backward reaction
equally. It merely alters the time taken to get to equilibrium, not the position of it.

The rate of reaction is an indication of how fast a reaction proceeds.
The extent of a reaction is the degree to which reactants are converted into products and

describes the equilibrium position.
Catalysts alter the rate of reactions but not their extent. They do not alter the

equilibrium position.

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

1. What is the difference between a reversible reaction and an irreversible reaction?
2. What is the difference between the rate of a reaction and the extent of a reaction?
3. Hydrogen peroxide decomposes to water and oxygen. The extent of this reaction is large. Explain why

bottles of hydrogen peroxide may be kept for long periods of time but eventually need to be replaced.
Questions 4 and 5 refer to the following information.
A student decides to investigate three different reversible reactions as a prelude to her practical
investigation. Each of these is set up during the same lesson and then observed again during her next
lesson the next day.
Her initial purpose is to attempt a classification of each reaction according to the following table.

Extent

Small Large

Rate
Slow Type 1 Type 2

Fast Type 3 Type 4

Upon her return the following day, she observes the following:
• Reaction I: Large amount of product. No detectable reactants.
• Reaction II: No apparent change. No detectable products.
• Reaction III: A mixture of reactants and products is observed.

4. Attempt to classify each of the reactions according to the table. Note that there may be more than one
classification for each reaction.

5. For those reactions with multiple classifications, suggest a possible follow up experiment that might be able
to distinguish them.

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

studyON: past VCAA exam questions

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

6.3 Homogenous equilibria

KEY CONTENT
• Homogenous equilibria involving aqueous solutions or gases with reference to collision theory and
representation by balanced chemical or thermochemical equations (including states) and by
concentration-time graphs
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6.3.1 Homogeneous and heterogeneous reactions
Chemical reactions may be classified in a number of ways, and the chosen classification often depends on
the context in which the reaction is being studied. One simple classification is based on the physical states
(or phases) of the reagents involved. In a homogenous reaction, the reaction occurs entirely within the
same physical state. The most common examples of such reactions occur either in the gaseous phase or in
solution. A homogeneous equilibrium is one in which all the species in the equilibrium mixture are all in
the same physical state. A heterogeneous reaction is one that occurs at a boundary or interface between
two different physical states. An obvious example of a heterogeneous reaction is a solid reacting with either
a liquid or gas. Heterogeneous reactions can also occur between liquids that are immiscible, thus forming a
boundary when they are mixed together.

6.3.2 The dynamic nature of equilibrium
The equilibrium state is a significant stage in a reaction. Although it is tempting to think that the reaction
has stopped when a reaction reaches equilibrium, further investigation reveals that this is not so. Instead, the
forward and reverse reactions are still occurring, but at the same rate. The reagents in the reaction are thus
being formed and used at the same rate, with their concentrations showing no overall change.

Experiments involving the use of radioactive tracers may be used to verify the dynamic nature of the
equilibrium state. For example, if the hydrogen iodide system in section 6.2.1 is heated and allowed to
come to equilibrium, it is possible to remove some of the iodine and replace it with the same amount of
radioactive iodine — iodine containing the 131I isotope. As isotopes are chemically identical, such a change
would have no effect on the chemical nature of the equilibrium. If the system is examined again some
time later, the radioactive iodine is found to be distributed between the hydrogen iodide and the iodine
molecules. This can be explained only if the forward and reverse reactions are still proceeding.

During dynamic equilibrium the forward and reverse reactions are still occurring, but at
the same rate. The reaction does not stop.

There are many different ways that a reaction can work itself towards equilibrium. The scenario that most
people would think of first is when the reactants are mixed together. In this situation, concentration effects
dictate that the initial rate of the forward reaction would be considerably greater than the initial rate of the
backward reaction. However, as the reaction proceeds, concentrations change — reactant concentrations
drop, while product concentrations rise. This means that the rate of the forward reaction decreases, while
the rate of the backward reaction increases. These changes will occur until the two reaction rates are equal.
The reaction will now be at equilibrium. However, another scenario might be when products are mixed
together, of the two reactions that occur, the backward reaction will initially be faster than the forward
reaction. However, concentration changes will once again affect these rates until they are both equal and
the reaction attains equilibrium.

In between these two extremes there are an infinite number of possible starting conditions for an
equilibrium reaction. In each case it will be how the initial rate of the forward reaction compares
with the initial rate of the backward reaction that determines how the reaction ultimately reaches its
equilibrium state.

Resources

Video eLesson Dynamic equilibrium and concentrations of products and reactants (med-0426)

6.3.3 Dynamic equilibrium and collision theory
As a reaction proceeds towards equilibrium, there are collisions between reactant particles and collisions
between product particles. Some of these collisions have enough energy to overcome their respective
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activation energies and so form either more products or re-form more reactants. As the concentrations
of the reactants and products rise and fall because of this, there will come a point where the number of
successful collisions going in one direction is balanced by the number of successful collisions in the
opposite direction. In other words, the rates of these opposing reactions will be equal and the reaction will
be at equilibrium.

6.3.4 Representing chemical equilibria
Chemical equilibria can be represented using balanced chemical and thermochemical equations, and
using graphs.

Using balanced chemical and thermochemical equations
Balanced chemical and thermochemical equations can be used to summarise equilibrium reactions in the same
way as for the reactions you have met previously in this course. The main difference is that double arrows
(⇌) are used to emphasise that the reaction is reversible. As the position of an equilibrium is affected by
temperature differently for exothermic and endothermic reactions, thermochemical equations convey slightly
more information about a reversible or equilibrium reaction than do equations without a ∆H value.

Because a reversible reaction involves both forward and reverse reactions, it is just as valid to write the
equation the opposite way around. For example, the equations

2HI(g) ⇌ H2(g)+ I2(g)
H2(g)+ I2(g) ⇌ 2HI(g)

both refer to the same equilibrium reaction.
This has the potential to produce confusion when discussing forward and reverse reactions. To overcome

this, the accepted procedure is to write the equation either way. It is then understood that any subsequent
discussion of reactants, products, forward, reverse reactions, Kc, etc refers to the equation as it has been
written.

Graphical representations
Using graphs of equilibrium situations can be a very informative way to summarise and understand an
equilibrium reaction, as well as produce a deeper understanding of what is happening in such situations.

Two types of graphs are frequently used:
• rate versus time graphs
• concentration versus time graphs.
To illustrate these, consider a situation where substance A is added to a container and allowed to come to

equilibrium with products B and C at constant temperature, according to the equation:

A(g) ⇌ B(g)+ 2C(g)

FIGURE 6.4 An example of a rate versus time graph
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As discussed in topic 5, the rate of a reaction
depends on concentration. As substance A is used
up, its concentration drops and so does the rate of the
forward reaction. Conversely, as the concentrations
of substances B and C increase, so too does the rate
of the backward reaction. A general rate versus time
graph, as shown in figure 6.4, illustrates this. There
will be a net forward reaction until time t, when the
two rates become equal and equilibrium is established.
Thereafter, there will be no change in these rates
as the net concentrations of reactants and products
remain constant.
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This equilibrium could just as easily be produced by
mixing substances B and C together and allowing a
net backward reaction to produce equilibrium. In this
case, the graph would show a decreasing rate for the
backward reaction and an increasing rate for the forward
reaction until equilibrium is once again established.

FIGURE 6.5 An example of a concentration
versus time graph
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It is also possible to represent this scenario using
concentration versus time graphs. In the first scenario
above (forward reaction), such a graph might appear
as shown in figure 6.5. Here, the final concentrations
of substances A, B and C depend on their initial
concentrations, the stoichiometry in the equation and
the value of the equilibrium constant (i.e. the degree of
conversion).

The concentrations of the substances involved in
figure 6.5 increase or decrease depending on whether they are produced or consumed. They also change
by amounts that reflect the stoichiometry of the reaction. In this example, substance A decreases by the
same amount that substance B increases, which can be seen by the 1:1 ratio between them in the equation.
Substance C increases by twice the amount that substance B does, shown by the 2:1 ratio involved.

If this reaction had a catalyst added to it, the only change to this graph would be that time, t, would be
lower. In other words, equilibrium would be attained faster. However, the final concentrations of substances
A, B and C would not be altered.

Concentration–time graphs are very useful when considering changes made to a reaction once it has
reached equilibrium. This is discussed further in section 6.6.2.

SAMPLE PROBLEM 1

The following graph shows the reversible reaction for

2NO2(g)⇌N2O4(g)
Use this graph to answer the following questions.

Time

C
o
n
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n
tr
a
ti
o
n

N2O4

NO2

t1 t2

a. How does the concentration of NO2 at t1 compare to t2?
b. Describe what is happening to the NO2 using the information in the graph.
c. What is the significance of the flattening out of the NO2 graph at the same time as the flattening

out of the N2O4 graph?
Teacher-led video: SP1 (eles-3405)
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THINK WRITE

a. This is a concentration–time graph. Horizontal
sections mean that the species is at its equilibrium
concentration and will not alter further unless a
change is made. Here NO2 is at equilibrium.

a. The concentration of NO2 at t1 will be
equal to its concentration at t2.

b. The graph indicates that NO2 is decreasing (but at
an ever slower rate) while N2O4 is increasing
(indicating an ever faster rate). This is due to the
dynamic nature of equilibrium. The changes will
occur until the two rates equalise at equilibrium.

b. NO2 is decreasing but at an ever
slower rate until the reaction reaches
equilibrium. After this its value stays
constant. This happens because a
competing backward reaction that
reforms NO2 gradually gets faster,
which reduces the rate at which NO2

drops. Eventually the rates of the two
reactions equalise and the reaction is
at equilibrium. After this there will be
no further concentration changes.

c. Equilibrium always occurs at a point in time when
the two rates first become equal. This cannot
happen at different times otherwise concentration
changes would still occur.

c. Equilibrium has been attained. This
occurs when the two rates first
become equal, resulting in no net
change to concentrations thereafter.

PRACTICE PROBLEM 1
Answer the following questions with reference to the same reaction and graph for sample problem 1
a. How does the concentration of N2O4 at t1 compare to t2?
b. Explain what is happening to the N2O4 in the light of the information in the graph.

Resources

Digital document Experiment 6.1 Modelling an equilibrium (doc-31261)

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

1. Explain what is meant by the phrase ‘the dynamic nature of equilibrium’.
2. Using radioactive tracers (small amounts of radioactive isotopes), it is possible to demonstrate the dynamic

nature of equilibrium. Describe how such an experiment may be performed, choosing a specific example to
illustrate your answer.

3. When molecular iodine is mixed with iodide ions, an equilibrium is set up as triiodide ions are produced. The
equation for this process is:

I2(aq)+ I−(aq) ⇌ I−3 (aq)
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Suppose that, once this equilibrium is established, some iodine is removed and replaced by exactly the
same amount of radioactive iodine.
If this reaction is examined sometime later, describe the expected observations if

(a) equilibrium is static.
(b) equilibrium is dynamic.

4. When hydrogen iodide is placed in a sealed container and heated, it begins to decompose into its
constituent elements according to the equation

2HI(g) ⇌ H2(g)+ I2(g)

Comment on the comparative rates of the forward and reverse reactions at the following stages.
(a) Just after the reaction has started
(b) As the reaction is approaching equilibrium
(c) When the reaction reaches equilibrium
(d) After the reaction has reached equilibrium

Question 5 refers to the following concentration–time graph for the equilibrium reaction represented by the
equation

2X(g)+ Y(g) ⇌ 3Z(g)
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5. (a) Describe the appearance of this graph if it was extended to the 120 second mark.
(b) Explain the changes in the concentration of Z in comparison to the changes in concentrations

of X and Y.
(c) At time zero, describe the initial constitution of the reaction mixture and what subsequently happens in

terms of reaction rates.
6. In terms of collision theory, explain why one reaction always slows down while the other always speeds up

when a reaction is progressing towards equilibrium.

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

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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6.4 Calculations involving equilibrium systems

KEY CONTENT
• Calculations involving equilibrium expressions and equilibrium constants (Kc only) for a closed
homogeneous equilibrium system including dependence of value of equilibrium constant, and its units, on
the equation used to represent the reaction and on the temperature

6.4.1 The equilibrium law and Kc values
Every reaction, given enough time, reaches a point at which the composition of the reaction mixture no
longer changes and the system is said to be at equilibrium. If the concentrations of the substances present
are measured at this stage, a large amount of seemingly unrelated data may be obtained. However, on closer
analysis, a surprising result emerges.

Recall the hydrogen iodide reaction from section 6.2.1.

H2(g)+ I2(g) ⇌ 2HI(g)

Table 6.1 shows the results of experiments where different initial amounts of the three substances
involved were mixed and heated, and enough time allowed for equilibrium to be reached. The resulting
equilibrium concentrations were then measured. Table 6.2 shows a similar set of results for the synthesis
of ammonia from nitrogen and hydrogen.

The right-hand column in both tables shows that it is possible to write a concentration fraction involving
the equilibrium concentrations that has a constant value. A closer inspection of this fraction reveals that its
form is closely related to the equation for the reaction. The numerator of the fraction contains the products
and the denominator contains the reactants. The coefficients from the chemical equation become indices
to their respective concentrations in this fraction. This is the equilibrium law. The value of this fraction at
equilibrium is called the equilibrium constant, which is often assigned the symbol Kc.

Note that square brackets are used to denote concentration measured in M (or mol L1).

TABLE 6.1 Data for the reaction H2(g) + I2(g)⇌ 2HI(g) (at 458 ºC)

Equilibrium amounts

[H2] (M) [l2] (M) [Hl] (M)
Kc =

[
HI

]2[
H2

] [
I2
]

0.002 484 0.002 514 0.016 95 46.0
45.7

45.1
45.2

⎫⎪⎪
⎬⎪⎪
⎭

(i)
0.002 636 0.002 305 0.016 64

0.004 173 0.001 185 0.014 94

0.003 716 0.001 478 0.015 76

0.002 594 0.002 597 0.017 63 46.3
45.9

46.1

46.0

⎫⎪⎪
⎬⎪⎪
⎭

(ii)
0.001 894 0.001 896 0.012 83

0.001 971 0.001 981 0.013 42

0.002 413 0.002 424 0.016 41

i. Equilibrium established by combination of hydrogen and iodine
ii. Equilibrium established by decomposition of hydrogen iodide
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TABLE 6.2 Data for the reaction N2(g) + 3H2(g)⇌ 2NH3(g)

Equilibrium amounts

Run [N2] (M) [H2] (M) [NH3] (M)
Kc =

[
NH3

]2[
N2

] [
H2

]3
1 0.0011 0.0011 2.73 × 10−7 0.051

2 0.0025 0.0055 4.58 × 10−6 0.050

3 0.55 0.65 0.0886 0.052

4 0.25 0.75 0.074 0.052

For the general reaction:

aA+ bB+ cC+ dD + …⇌ zZ+ yY+ xX+…

the equilibrium constant is:

Kc =
[Z]z[Y]y[X]x…

[A]a[B]b[C]c[D]d…

The value of the equilibrium constant can be used to indicate the extent of the reaction.
• If the value is large (Kc > 104), we can predict that there has been a significant conversion of reactants

into products by the time that equilibrium was reached.
• If the value is between Kc = 104 and Kc = 10−4 we can predict the extent of the reaction is moderate

with concentrations of both products and reactants present at equilibrium.
• If the value is small (Kc < 10−4) we can predict that not much conversion has occurred, and the

position of equilibrium favours the back reaction.
When describing an equilibrium qualitatively, the phrase ‘position of equilibrium’ is often used. If

the value of the equilibrium constant is small, the equilibrium is said to lie to the left. If the value of the
equilibrium constant is large, the equilibrium is said to lie to the right. Left and right refer to the equation as
it has been written and used to evaluate Kc.

SAMPLE PROBLEM 2

Write the Kc expression for the following reaction.

2CH3OH(g) + O2(g)⇌ 2CH2O(g) + 2H2O(g)

Teacher-led video: SP2 (eles-XXXX)

THINK WRITE

The Kc expression is a fraction related to the equation. The
products form the numerator and the reactants form the
denominator. The co-efficients become indices to their respective
concentrations. Use square brackets to denote concentrations.

Kc =
[CH2O]2 [H2O]2

[CH3OH]2
[
O2

]
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PRACTICE PROBLEM 2
Write the Kc expression for the following reaction.

CH4(g) + 2O2(g)⇌ CO2(g) + 2H2O(g)

SAMPLE PROBLEM 3

At 250 °C, phosphorus(V) chloride decomposes to phosphorus(III) chloride plus chlorine,
according to the following equation:

PCl5(g) ⇌ PCl3(g)+ Cl2(g)

In a particular investigation, a quantity of PCl5 was heated in a 12.0-litre reaction vessel to
250 °C and allowed to reach equilibrium. Subsequent analysis revealed that 0.210 mol of PCl5,
0.320 mol of PCl3 and 0.320 mol of Cl2 were present. Calculate the value of the equilibrium
constant.

Teacher-led video: SP3 (eles-XXXX)

THINK WRITE

1. Write the equilibrium expression. Kc =
[PCl3][Cl2]

[PCl5]

2. Calculate the equilibrium concentrations for

each substance recalling that c = n

V
TIP: A variation of this formula can be found in
table 3 of the VCE Chemistry Data Book.

[PCl3] =
0.320
12.0

= 0.0267M

[Cl2] =
0.320
12.0

= 0.0267M

[PCl5] =
0.210
12.0

= 0.0175M

3. Substitute these values to obtain Kc. Kc =
(0.0267)(0.0267)

(0.0175)
= 0.0407

4. Work out the units. Units:
M ×M

M
= M

5. Give the answer to 3 significant figures. Kc = 0.0407M

PRACTICE PROBLEM 3
Consider an equilibrium reaction that is represented by the equation:

3A(aq) + B(aq) ⇌ 2Y(aq) + Z(aq)

In a particular experiment, random amounts of the above substances were mixed and allowed to
come to equilibrium in 500 mL of solution. The amounts present at equilibrium were:
A: 0.351 mol Y: 0.632 mol
B: 0.18 mol Z: 1.21 mol
Use this information to calculate the value of the equilibrium constant.
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Resources

Interactivity Matching equations and equilibrium constant expressions (int-1244)

6.4.2 A closer look at equilibrium constants
The equilibrium constant is affected by temperature, and its value may depend on how the reaction equation
is written, which also determines the units of the equilibrium constant. This means that the equilibrium
constant is not always constant. Putting it another way, a particular chemical reaction may have an
equilibrium constant with different values and different units, depending on how its equation is written and
the temperature at which the reaction occurs. To illustrate these points, consider the data in table 6.3 for the
dissociation of dinitrogen tetroxide gas, N2O4, into nitrogen dioxide gas, NO2, at a constant temperature.

TABLE 6.3 Equilibrium data for the reaction N2O4 ⇌ NO2

Experiment number [N2O4] (M) [NO2] (M)

1 0.127 0.150

2 0.253 0.216

3 0.364 0.255

4 0.492 0.293

5 0.645 0.338

Case 1:
The equation is written as N2O4(g) ⇌ 2NO2(g), using data from experiment 1:

Kc =
[NO2]2

[N2O4]

= (0.150)2
0.127

= 0.177

Units for Kc:
M2

M
=M

Case 2:

The equation is written as
1

2
N2O4(g) ⇌ NO2(g), using data from experiment 1:

Kc =
[NO2]

[N2O4]
1
2

= 0.150

(0.127)
1
2

= 0.421

Units for Kc:
M

M
1
2

=M
1
2

Case 3:
Using the reverse reaction, 2NO2(g) ⇌ N2O4(g), as there are two reactions involved in every equilibrium

reaction and using data from experiment 1.
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Kc =
[N2O4]
[NO2]2

= 0.127
(0.150)2

= 5.64
Units for Kc:

M

M2
= M−1

These three cases show that the same reaction can have different equilibrium constants and different
units. Therefore, when discussing equilibrium constants, it is important to be clear about the equation being
used to represent the reaction.

A special situation is when an equation has the same number of total moles on each side, such as in the
hydrogen iodide reaction mentioned earlier:

2HI(g) ⇌ H2(g)+ I2(g)

If we analyse the equilibrium expression for this reaction, all concentrations cancel out. The equilibrium
constant (Kc) is therefore without units.

Temperature and the equilibrium constant
Equilibrium constants are also affected by temperature. However, in many situations, such as the
N2O4(g)/NO2(g) equilibrium discussed previously, we deal with a situation at a particular temperature.
Therefore, when the equation is clearly written or understood, Kc is always constant. The effect of
temperature on the value of Kc is discussed further in section 6.6.2.

In summary, when dealing with equilibrium reactions and equilibrium constants, it is important that the
equation being used to represent the reaction is clearly understood. It is also assumed that, in the absence of
information to the contrary, temperature is constant.

SAMPLE PROBLEM 4

The reaction
2X(aq)⇌Y(aq)+ 2Z(aq) (1)

has an equilibrium constant of 250 M at a particular temperature.
Calculate the equilibrium constant for the reaction

X(aq)⇌ 1

2
Y(aq)+ Z(aq) (2)

Teacher-led video: SP3 (eles-XXXX)

THINK WRITE

1. Write and examine the Kc expression for each
equation.

Kc(1) =
[Y][Z]2

[X]2

2. Recognise that the desired value is the square root
of the given value.

Kc(2) =
[Y]

1
2 [Z]

[X]
= (Kc(1))

1
2
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3. Evaluate including units. Kc(2) = (250)
1
2
M

1
2M

M

= 15.8M
1
2

PRACTICE PROBLEM 4
The reaction

2X(aq)⇌Y(aq) + 2Z(aq) (1)

has an equilibrium constant of 250 M at a particular temperature.
Calculate the equilibrium constant for the reaction

Y(aq) + 2Z(aq)⇌ 2X(aq) (2)

6.4.3 Using stoichiometry in equilibrium law calculations
Equilibrium calculations can involve situations with more steps than the simple examples introduced in
section 6.4.2. Typical examples of these more complicated types of calculations include:
• situations where initial concentrations are given and only one of the equilibrium concentrations
• situations where an equilibrium constant is known and you are asked to calculate something about one

of the substances in the reaction. This may be a concentration, a mass or a variable relating to a gas.
The ICEBOX method uses stoichiometry in equilibrium calculations when one or more equilibrium

concentrations is not known. This involves setting up a table with row headings ‘I’ (initial), ‘C’ (change)
and ‘E’ (equilibrium). This table can be used when working with moles (which are then converted to
concentrations) or directly with concentrations as demonstrated in sample problem 5.

SAMPLE PROBLEM 5

In studying the reaction represented by the equation:

A(g)⇌ 2Y(g)+ Z(g)

a small amount of substance A was added to a reaction vessel, such that its initial concentration
was 1.0 M. When equilibrium was subsequently attained, the concentration of product Z was
measured and found to be 0.3 M.
Use this information to determine the value of the equilibrium constant for this reaction.

Teacher-led video: SP5 (eles-XXXX)

THINK WRITE

1. Using stoichiometry, work out changes to
concentration to determine equilibrium
values. Use the ICEBOX method with row
headings ‘I’ (initial), ‘C’ (change) and ‘E’
(equilibrium). Take care to distinguish
between initial and equilibrium
concentrations.

[A] ⇌ [2Y] + [Z]

Initial amount 1 0 0

Change in amount −0.3 +0.6 +0.3

Equilibrium amount 0.7 0.6 0.3
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2. Write the expression and substitute values to
determine Kc.

Don’t forget units and significant figures.

Kc =
[Y]2[Z]
[A]

= (0.6)2(0.3)
(0.7)

= 0.2M2

Units:
M2 ×M

M
= M2

PRACTICE PROBLEM 5
For the reaction represented by:

B(aq)⇌W(aq) + X(aq)

initial concentrations of 2.0 M and 3.0 M were recorded for substances B and X respectively. After
allowing sufficient time for the reaction to reach equilibrium, the concentration of X had increased
to 3.5 M.
Calculate the value of the equilibrium constant.

SAMPLE PROBLEM 6

The equilibrium constant for the reaction represented by the equation:

2A(g)+ 3B(g)⇌X(g)+ 2Y(g)

is 300M−2. In a vessel of volume 4.00 L, equilibrium is established and the following
concentrations are determined:
[A] = 0.326 M [B] = 1.537 M [X] = 2.541 M
Calculate the number of moles of substance Y that were present at equilibrium.

Teacher-led video: SP6 (eles-XXXX)

THINK WRITE

1. Substitute all known information into the Kc
expression.

TIP: Remember to check that equilibrium
concentrations (not initial concentrations)
are substituted into the equation.

Kc =
[X][Y]2

[A]2[B]3

2. Transpose and evaluate to determine [Y].
Don’t forget the square root.

300 = (2.541)[Y]2

(0.326)2(1.537)3

[Y]2 = 300 × (0.326)2 × (1.537)3
(2.541)

= 45.6
[Y] = 6.75M

3. Determine the number of moles of Y by
using n = c × V.

n = c × V
n (Y) = 6.75 × 4.00 = 27.0mol.
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PRACTICE PROBLEM 6
The formation of ammonia gas is represented by the following equation:

N2(g) + 3H2(g)⇌NH3(g)

At a particular temperature, the equilibrium constant for this reaction is 0.052M−2.
In one particular investigation, it was established that the concentrations of N2 and H2 at

equilibrium were 0.55 M and 0.65 M respectively. Calculate the concentration of ammonia at
equilibrium.

Resources

Video eLesson Calculations involving initial and equilibrium concentrations (med-0428)

6.4.4 How can we tell if a reaction is at equilibrium?
In some cases, it can be unclear when a reaction is at equilibrium. If a reaction reaches equilibrium
quickly because its rate is fast, then it will soon become apparent that no further concentration changes are
occurring and that chemical equilibrium has been attained. However, if concentrations are changing slowly
in reactions that are slower, it may appear that the concentrations have become constant. To overcome this
problem, we use the idea of the reaction quotient, Q (also known as the concentration fraction).

Reaction quotient, Q, and the equilibrium constant, Kc
The equilibrium law generates an expression that can be called a ‘concentration fraction’. This is just a
fraction that involves concentrations, so it is possible to write a similar fraction at any other stage during
a reaction. When we do this, we often give it the symbol Q (for reaction quotient). It therefore follows that:
• if Q = Kc the reaction is at equilibrium.
• If the value of Q is different to the value of Kc, the reaction has yet to reach equilibrium.
• If Q > Kc a net backward reaction is occurring. The rate of the backward reaction is greater than the

rate of the forward reaction as this mixture moves towards equilibrium.
• If Q < Kc, a net forward reaction is occurring. The rate of the forward reaction is greater than the rate

of the backward reaction as this reaction seeks equilibrium.

SAMPLE PROBLEM 7

At 25 °C, the reaction

W(aq)+ 2X(aq)⇌Y(aq)

has an equilibrium constant of 109 M2. In an experimental trial of this reaction, the
concentrations of all species are measured and the following results obtained.

[W] = 0.13 M [X] = 0.092 M [Y] = 0.090 M

Is this reaction at equilibrium? If not, how does the rate of the forward reaction compare to the
rate of the backward reaction?

Teacher-led video: SP7 (eles-XXXX)

THINK WRITE

1. Work out the value of Q. Q = [Y]
[W][X]2
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2. Calculate Q by substituting the given
concentrations.

Q = (0.090)
(0.13)(0.092)2

= 82M−2

3. The value of Kc is given, Kc = 109M2.
If Q < Kc a net forward reaction is occurring.
If Q > Kc a net backward reaction is occurring.
If Q = Kc the reaction is at equilibrium.

As Q < Kc there is a net forward reaction.
The rate of the forward reaction is faster
than the rate of the backward reaction.

PRACTICE PROBLEM 7
In another trial of the same reaction as in sample problem 7, the following concentrations were
obtained.
[W] = 0.14 M [X] = 0.085 M [Y] = 1.0 M.
Is this reaction at equilibrium? If not, how does the rate of the forward reaction compare to the

rate of the backward reaction?

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

1. It has been estimated that the reaction between methane and oxygen represented by the equation:

CH4(g)+ 2O2(g) ⇌ CO2(g)+ 2H2O(g)

has an equilibrium constant of 10140 at room temperature.
(a) What does this value suggest about the extent of this reaction?
(b) Do you think the use of the⇌ arrow is justified?

2. Write an expression for the equilibrium constant for each of the following equations.
(a) Cl2(g) + 3F2(g)⇌ 2ClF3(g)
(b) N2(g) + O2(g)⇌ 2NO(g)
(c) 4HCl(g) + O2(g)⇌ 2H2O(g) + 2Cl2(g)
(d) 2COF2(g)⇌ CF4(g) + CO2(g)
(e) P4(g) + 10F2(g)⇌ 4PF5(g)

3. For each of the reactions shown in question 2, state the units for Kc.
4. A reaction has an equilibrium expression of:

Kc =
[C][D]2

[A]2[B]

What is the equation for this reaction?
5. When COF2 is held at 1000 oC, the following equilibrium occurs.

2COF2(g) ⇌ CO2(g)+ CF4(g)

Calculate the value of the equilibrium constant, given the following equilibrium data.
[COF2] = 0.024 M
[CO2] = [CF4] = 0.048 M

6. Consider the following information for the reaction

W(aq)+ 2X(aq) ⇌ 3Y(aq)+ Z(aq)

This reaction is carried out in a 250 mL beaker.
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At equilibrium, the respective concentrations of W, X and Y are 1.24 M, 0.56 M and 0.85 M.
The molar mass of Z is 56.5 g mol−1.
The equilibrium constant for this reaction at the temperature of the investigation is 1.89 M2.
(a) Calculate the mass of Z that is present.
(b) If the equation is rewritten as follows, calculate the equilibrium constant.

2W(aq)+ 4X(aq) ⇌ 6Y(aq)+ 2Z(aq)

7. The equilibrium represented by the equation

H2(g)+ CO2(g) ⇌ H2O(g)+ CO(g)

has a Kc value of 1.62 at 985 oC.
(a) What is the value of Kc for the reaction

H2O(g)+ CO(g) ⇌ H2(g)+ CO2(g)

(b) What is the value of Kc for the reaction

2H2(g)+ 2CO2(g) ⇌ 2H2O(g)+ 2CO(g)

8. In a reaction specified by the equation:

A(g) ⇌ 2B(g)+ C(g)

3.5 mol of substance A is initially introduced into a 500 mL reaction vessel and allowed to reach
equilibrium. At this stage, its concentration was found to be 2.0 M. Calculate the value of the equilibrium
constant for this reaction.

9. An equilibrium reaction is represented by the following equation:

W(aq)+ 2X(aq) ⇌ 2Y(aq)+ Z(aq)

The magnitude of the equilibrium constant at a particular temperature is 6.3.
(a) What are the units of the equilibrium constant?
(b) Calculate the value of the equilibrium constant for the reaction:

2Y(aq)+ Z(aq) ⇌ W(aq)+ 2X(aq)

10. The reaction represented by the equation:

A+ 2B⇌ C+ D

was investigated by mixing various amounts of these four substances. After a period of time, the
concentration of each species was measured. This procedure was repeated a number of times to give the
results shown in the following table.

Experiment [A] [B] [C] [D]

1 1.7 1.2 2.5 2.8

2 1.4 0.9 2.3 2.7

3 1.6 1.1 2.3 2.4

4 1.5 0.9 2.6 2.8

5 1.4 1.0 2.5 2.7

At the temperature of this experiment, it is known that the value of the equilibrium constant is 6.0.
In which of the above experiments was the reaction mixture at equilibrium when it was analysed?
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

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

6.5 Measuring the efficiency of a reaction or process

Background knowledge
• The yield of a chemical reaction

6.5.1 Percentage yield
There are many situations in chemistry where we want to know how much reactant has been converted into
product. Chemists use the concept of reaction yield to express this idea in quantitative terms. The yield of a
reaction is often quoted as a percentage and is defined as follows.

% yield = actual yield
theoretical yield

× 100
1

The equilibrium reactions we have been studying in this topic are examples of reactions that display
yields of less than 100%, that is, the actual mass obtained is less than the theoretical or predicted maximum
mass. However, there are often additional reasons why a given reaction does not achieve a 100% yield.
Some of these may be practical (to do with the method by which the chemical is made), or may involve a
very slow reaction that has not been given enough time to either reach equilibrium or go to completion. This
is an important consideration in equilibrium work and in the design of large-scale manufacturing techniques
for chemicals produced from equilibrium reactions.

SAMPLE PROBLEM 8

A student is collecting silver chloride produced from a reaction between sodium chloride and
silver nitrate. Using the starting amounts of each chemical, he uses stoichiometry to calculate that
2.197 g should be produced. Upon collection and weighing, the silver chloride produced is found
to have a mass of 1.112 g. Calculate the percentage yield obtained.

Teacher-led video: SP8 (eles-XXXX)

THINK WRITE

1. Recall the formula for calculation of
percentage yield.
TIP: The % yield formula can be found in
table 3 of the VCE Chemistry Data Book.

% yield = actual yield

theoretical yield
× 100

1
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2. Substitute given values into the formula
and calculate. Don’t forget significant
figures.

% yield = 1.112
2.197

× 100

= 50.61%

PRACTICE PROBLEM 8
A student is collecting silver chloride produced from a reaction between sodium chloride and silver
nitrate. Using the starting amounts of each chemical, she uses stoichiometry to calculate that 2.356 g
should be produced. Upon collection and weighing, the silver chloride produced is found to have a
mass of 1.476 g. Calculate the percentage yield obtained.

6.5.2 Green chemistry and atom economy
The chemical industry has traditionally focused on getting the best yields from the chemical synthesis of
products — that is, getting the most products. A lesser focus has been on the impact of chemical processes
on the environment and their long-term viability. Although getting high yields is important, there are other
issues that need to be addressed in the production of chemicals for a sustainable future, including:
• high atom efficiency
• minimising the number of steps in the production
• ensuring safer, simpler and energy efficient processes
• reducing the amount of wastes produced
• using renewable and recyclable resources.
Green chemists think that it is necessary to change from secondary prevention (costly cleaning up of

wastes after they have been generated) to primary prevention (the development of manufacturing processes
that are essentially non-polluting). This process of clean production not only targets the elimination of
pollution, it also aims to encourage profitable manufacturing with more efficient use of raw materials
and energy.

Because green chemistry not only aims to maximize the yield but also to reduce waste, the concept
of atom economy is a used. This is a very useful concept when planning or reviewing a process. Atom
economy is expressed as a percentage, according to the following formula:

% atom economy = molarmass of desired product
molar mass of all reactants

× 100
1

SAMPLE PROBLEM 9

A postgraduate student is examining whether it would be possible to remove carbon dioxide from
the air by a process of reverse fermentation to produce glucose. The equation for such a process
would be:

2CH3CH2OH(aq)+ 2CO2(aq)→C6H12O6(aq)

Calculate the % atom economy of this potential process.

Teacher-led video: SP9 (eles-XXXX)
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THINK WRITE

1. Recall the formula for the
calculation of % atom economy.
TIP: The % atom economy formula
can be found in table 3 of the VCE
Chemistry Data Book.

% atom economy = molarmass of desired product

molarmass of all reactants
× 100

1

2. Calculate molar masses for the
desired product and for all
reactants.

M(C6H12O6) = 180.0 g mol−1

M(CH3CH2OH) = 46.0 g mol−1

M(CO2) = 44.0 g mol−1

3. Substitute into the formula and
calculate the answer. Make sure that
the stoichiometry of the equation is
taken into account.

% atom economy = 180.0
(2 × 46.0) + (2 × 44.0)

× 100

1
= 100%

Note: A consequence of this formula is that if the desired product is the only product, the figure will
always be 100%, because all the reactant atoms are used to make the product and none end up in a waste
or by-product.

PRACTICE PROBLEM 9
Calculate the % atom economy of the fermentation of glucose to ethanol. The equation for this
process is:

C6H12O6(aq)→ 2CH3CH2OH(aq) + 2CO2(aq)

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

1. Calculate the percentage yield of a reaction that produces 34.5 tonne of product out of a theoretical
maximum of 40.0 tonne.

2. Hydrogen can be made by reacting methane with steam.

CH4(g)+ H2O(g) → 3H2(g)+ CO(g)

(a) Calculate the % atom economy for making hydrogen using this process.
(b) If a use for all of the carbon monoxide produced is found, what would the % atom economy now be?

Explain.
3. The production of quicklime (CaO) takes place when calcium carbonate is heated to a high temperature.

Carbon dioxide is also produced. If this occurs in an open system so that the carbon dioxide can escape,
the reaction essentially goes to completion.
If 100.1 g of calcium carbonate produces 50.3 g of quicklime, calculate the percentage yield. The

equation for this reaction is:

CaCO3(s) → CaO(s)+ CO2(g)
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions
Fully worked solutions and sample responses are available in your digital formats.

6.6 Le Châtelier’s principle

KEY CONTENT
• Le Châtelier’s principle: identification of factors that favour the yield of a chemical reaction, representation
of equilibrium system changes using concentration-time graphs and applications, including competing
equilibria involved in the occurrence and treatment of carbon monoxide poisoning resulting from
incomplete combustion of fuels

6.6.1 Making changes to equilibrium mixtures
An important consequence of the equilibrium law is that it is possible for every equilibrium mixture
belonging to a particular reaction to be different. This is because the whole equilibrium expression is
constant, while individual concentrations within this expression may vary quite considerably from one
equilibrium situation to another. However, so long as the value of the whole expression is equal to the value
of the equilibrium constant, a mixture will be at equilibrium.

This property can be put to use in the manufacture of some important chemicals. It is often possible
to make these economically, despite the fact that the reactions from which they are formed have low
equilibrium constants. By altering the concentrations of the other species involved in the equilibrium
expression, it is often possible to maximise the production of the desired product, thereby increasing
its yield.

To see how changes made to an equilibrium mixture affect its components, we often make use of an
important predictive tool — Le Châtelier’s principle.

6.6.2 Introduction to Le Châtelier’s principle

Le Châtelier’s principle
Any change that affects the position of an equilibrium causes that equilibrium to shift, if

possible, in such a way as to partially oppose the effect of that change.

Using this, we can make predictions about what will happen if we disturb a system that is at equilibrium.
There are three common ways in which a system at equilibrium might be disturbed:
• by adding or removing a substance that is involved in the equilibrium
• by changing the volume (at constant temperature)
• by changing the temperature.
We will now consider the effect of each of these in turn.

6.6.3 Adding or removing a substance that is involved in the reaction
Consider the reaction between carbon monoxide and water vapour to produce carbon dioxide and hydrogen.

CO(g)+ H2O(g) ⇌ CO2(g)+ H2(g)
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FIGURE 6.6 An example of a concentration–time
graph where a substance has been added to the
equilibrium mixture
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If extra water vapour is added to this system once
it has attained equilibrium, the equilibrium will be
disturbed. According to Le Châtelier’s principle, the
system will then react by trying to use up some of
this extra water vapour in its efforts to get back to
a new equilibrium position. The only way that this
can be done is by causing some of the reactants to
be transformed into products. Thus, more CO2 and
H2 will be made as a result of consuming CO and
H2O. Although all the amounts, and hence all the
concentrations, involved will now be different from
their original values, the value of the equilibrium
constant will remain unchanged (the same value as
before the water vapour was added).

Changes like this, where a substance has
been added or removed, can be identified
from concentration–time graphs by a sudden spike or dip in only one of the substances involved. A
concentration–time graph for this situation is shown in figure 6.6.
• Time t1 represents the time when equilibrium was first reached.
• Time t2 is when the extra water vapour was added.
• Time t3 is when equilibrium is re-established. The equilibrium may be described as having been

shifted to the right (the forward reaction is favoured).
A more informative way to describe these changes is in terms of reaction rates. At the first equilibrium,

the rates of the forward and reverse reactions are equal. On addition of the water vapour, the forward
reaction becomes faster than the backward one for some time. However, as more products are made, the
two rates eventually become equal again and equilibrium is re-established.

When considering these reactions, the method of addition (continuous supply) or removal (ducting gas
away) may be physical, or it may be achieved by chemical means. Regardless of the method, the system
always tries to oppose us in its efforts to re-attain equilibrium. However, it should be noted that equilibrium
is only disturbed if products and/or reactants are added or removed. If an inert gas is added to the system, it
will have no effect on the reaction.

USING LE CHÂTELIER’S PRINCIPLE TO DISSOLVE AN INSOLUBLE SALT
Le Châtelier’s principle may be used to dissolve an otherwise insoluble salt. Silver chloride is only sparingly
soluble in water. In other words, the equilibrium constant for the reaction:

AgCl(s) ⇌ Ag+(aq)+ Cl−(aq)

is very low (Ks = 1.8 × 10−10). This is an example of a heterogeneous equilibrium. In these cases, the
equilibrium constant is usually denoted by Ks, a special type of Kc value.
However, if a chemical is added to remove the Ag+ ions, this reaction responds by trying to replace them.

To do this, more AgCl(s) has to dissolve. If enough of the Ag+ ions are removed, it is possible that all the silver
chloride would dissolve. A suitable chemical for the removal of Ag+ ions is ammonia, NH3. Ammonia achieves
this by forming a complex ion according to the reaction:

Ag+(aq)+ 2NH3(aq) ⇌ Ag (NH3)
+
2
(aq)

182 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

UNCORRECTED PAGE PROOFS



“c06ExtentOfChemicalReactions_print” — 2019/8/10 — 9:00 — page 183 — #25

SAMPLE PROBLEM 10

Predict the effect of adding carbon dioxide on the position of the equilibrium for the reaction:

CO(g)+H2O(g)⇌CO2(g)+H2(g)

Teacher-led video: SP10 (eles-XXXX)

THINK WRITE

Recall that Le Châtelier’s principle predicts that
adding a substance involved in the equilibrium will
lead to its partial removal.
In this case, the reaction will respond by removing
some of the added CO2. The equilibrium will
therefore shift to the left, i.e. there will be a net
backward reaction until the reaction is once again at
equilibrium

Product has been added so there will
be a net backward reaction until the
reaction is once again at equilibrium.
Note: Other answers are possible.

PRACTICE PROBLEM 10
Predict the effect of removing hydrogen on the position of the equilibrium for the reaction:

CO(g) +H2O(g) ⇌CO2(g) +H2(g)

Resources

Interactivity Le Châtelier’s principle (int-1246)

Digital document Experiment 6.2 Investigating changes to the position of an equilibrium (doc-31262)

Teacher-lead video Experiment 6.2 Investigating changes to the position of an equilibrium (eles-3467)

USING CHEMISTRY: HOW TO HIDE A COUPLE OF NOBEL MEDALLIONS
A Nobel Prize is one of the highest awards that a scientist can achieve. The award consists of a pure gold
medallion engraved with the winner’s name, a diploma and a considerable sum of money. While a medallion
would normally be a prize possession, there was a time in the past when it could have been a threat to one’s life.
Such a situation occurred in Europe during World War II as Nazi Germany invaded much of Europe.
As the Nazis rose to power in the 1930s, two German Nobel laureates and opponents of the regime, Max von

Laue and James Franck, sent their medals to the famous physicist Niels Bohr in Copenhagen, Denmark, for
safe keeping. The exporting of gold from Germany at this time was strictly forbidden and the two would have
faced harsh penalties if they were discovered. When the Germans invaded Denmark in 1940, the discovery of the
two medallions might have proven a death sentence for those involved. An associate of Niels Bohr, the chemist
George de Hevesy, came to the rescue with a clever application of Le Châtelier’s principle.
Gold is a famously unreactive metal. One of the few things that it will react with is a mixture called aqua regia,

which is a mixture of concentrated hydrochloric and nitric acids. By themselves, neither of these two acids reacts
with gold but together they are able to slowly dissolve it. De Hevesy famously dissolved the medallions belonging
to von Laue and Franck in this way, producing a beaker containing a bright orange solution, which he placed on
a high shelf in his laboratory among bottles of other chemicals. De Hevesy escaped to Sweden in 1943 when the
Nazis moved to ransack the laboratory and looking for evidence of wrongdoing. When he returned after the war,
he found the beaker untouched, exactly as he had left it. He was then able to precipitate out the gold using some
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simple chemistry. This was then returned to Sweden where it was cast into new medallions and re-presented to
the two original recipients.

FIGURE 6.7 The prestigious
Nobel medallion

FIGURE 6.8 A stamp of
George de Hevesy (1885-1966),
who co-discovered Hafnium
and invented the technique of
using radioactive tracers, for
which he was awarded a Nobel
Prize

The mechanism by which aqua regia dissolves gold is another example involving Le Châtelier’s principle.

FIGURE 6.9 Gold dissolved
in aqua regia produces a
bright orange solution.

The first step is a redox reaction between nitrate ions and the gold. This
reaction is very slight (the value of its equilibrium constant is very low) and
would not normally be noticed.

Au(s)+ 3NO−
3 (aq)+ 6H+(aq) ⇌ Au3+(aq)+ 3NO2(g)+ 3H2O(I)

The small number of Au3+ ions formed then react almost completely with
Cl− ions according to the equation

Au3+(aq)+ 4Cl−(aq) → AuCl−4 (aq)

This means that Au3+ ions are removed from the first equilibrium
reaction. According to Le Châtelier’s principle, there will now be a net
forward reaction to replace them resulting in more gold atoms being
dissolved. If an excess of aqua regia is present, this process will continue
until all the gold is dissolved.

Explaining Le Châtelier’s principle mathematically
Consider the reaction that is represented by the equation:

3A(aq)+ 2B(aq) ⇌ C(aq)+ 2D(aq)

Suppose that some extra substance A is added to the equilibrium mixture, and that we wish to predict the
effect on substance D.
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For this reaction we can write two expressions:

Q = [C][D]2

[A]3[B]2
and Kc =

[C][D]2

[A]3[B]2

where the concentrations for the equilibrium constant, Kc, are equilibrium concentrations but the
concentrations for the reaction quotient, Q, can be at any stage during the reaction. If Q = Kc, equilibrium
has been established.

Immediately after the addition of substance A, the value of Q is decreased, making Q less than Kc.
Therefore, the reaction is no longer at equilibrium, and the value of Q must increase for equilibrium to
be re-established. There needs to be a higher concentration of products and a lower concentration of
reactants. This can be achieved by a net forward reaction — the rate of the forward reaction becomes
greater than the rate of the backward reaction, and the equilibrium therefore shifts to the right. Essentially,

Kc =
[products]
[reactants]

. Thus, if Q < Kc, [reactants] > [products] and [products] must increase to re-establish

equilibrium. This means a net forward reaction.
This is exactly what is predicted by Le Châtelier’s principle. After the sudden increase in substance A,

some of it is used by the net forward reaction predicted. The effect of changing volume can be predicted in
the same way.

6.6.4 The effect of changing volume
When considering changes in volume (at constant temperature), it is important to think of the effect on
the total concentration of all the species present. Le Châtelier’s principle can then be interpreted in terms
of how the system changes the total number of particles present to produce an opposing trend in total
concentration.

Three situations present themselves:
1. The change in volume causes an increase in the total concentration of particles. To decrease this, the

system reacts in the direction that produces fewer particles. (Fewer particles means a lower overall
concentration, in line with the opposition predicted by Le Châtelier’s principle.)

2. The change in volume causes a decrease in the total concentration of particles. To increase this
concentration, the system must react in the direction that produces more particles if it is to re-establish
equilibrium.

3. Although the change in volume affects the total concentration, the system cannot change the number of
particles present. This situation occurs when the total number of moles on the left-hand side of the
equation equals the number of moles on the right-hand side. Mathematically, it can be shown that a
volume change for such a reaction does not disturb the equilibrium.

As an example of situation 1, consider the reaction represented by:

A(g) ⇌ B(g)+ C(g)

It might be predicted that an increase in volume, such as by dilution, would lead to an increase in the
total number of particles as the reaction attempts to re-build the total concentration. In this case, this can
be achieved if the equilibrium shifts to the right (forward reaction).

A change in volume of an equilibrium mixture is identified on concentration–time graphs as a sudden
spike or dip involving all substances. This is shown in figure 6.10.

Resources

video eLesson Changing the position of an equilibrium — gas pressure (eles-1672)
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A special note about gases

FIGURE 6.10 A concentration–time graph
illustrating the effect of increasing the volume
of the reaction A(g)⇌ B(g) + C(g)
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For a change in volume at constant temperature,
the universal gas equation allows a concentration
interpretation to be replaced by a pressure interpretation.
Therefore:

PV = nRT

P =
(
n
V

)
RT

P ∝ c

As
n
V

is concentration (c), and R × T is

constant, we can see that pressure is
proportional to concentration.

For gaseous reactions, volume changes may also be interpreted in terms of partial pressures, rather than
concentrations.

SAMPLE PROBLEM 11

a. The following gaseous system is set up and allowed to reach equilibrium.

2NOBr(g)⇌ 2NO(g)+ Br2(g)

What would be the effect on the amount of bromine present if the volume is then increased?
b. Would a volume change affect the following reaction?

H2(g)+ Cl2(g)⇌ 2HCl(g)

Teacher-led video: SP11 (eles-XXXX)

THINK WRITE

a. A volume change requires thinking in terms of the
total number of particles. Increasing volume
decreases the total concentration.
The reaction will respond in the direction that
makes a net gain in particles. This will partially
increase the total concentration in response to the
initial increase in volume.
In this case, there is a net gain in the number of
particles (from 2 moles to 3 moles) if the reaction
moves to the right.

a. The reaction will respond by making
more products (NO and Br2). At the
same time, it will use up more of the
NOBr. i.e. there will be a net forward
reaction.

b. This reaction has equal numbers of particles (and
hence moles) on each side of the equation (2
and 2). Hence, the equilibrium will not be affected
by a change in volume.

b. A volume change will not affect this
reaction because there are the same
number of moles on each side.
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PRACTICE PROBLEM 11
a. Consider the reaction represented by the equation:

I2(aq) + I−(aq) ⇌ I−3 (aq)

What would be the effect on the amount of I−3 caused by increasing the volume by adding
more water?

b. Would a volume change effect the following reaction?

CaCO3(s)⇌CaO(s) + CO2(g)

6.6.5 The effect of changing temperature
Of all the possible ways to change an equilibrium mixture, changing the temperature is the only method that
actually alters the value of the equilibrium constant, Kc, because changing the temperature also changes the
energy available to the system.

At a particular temperature, the system has a certain amount of energy, which is distributed between all
the species present. The equilibrium expression describes the concentrations of all species once they have
settled on a way to share that energy, and the value of Kc is interpreted as sharing in favour of reactants or
products.

Varying the concentration of a species (n or V) causes a redistribution of the available energy and a
different equilibrium position is reached. However, because the available energy remains the same, the
value of Kc is the same.

The equilibrium constant, Kc, of a reaction can only be changed by changing the
temperature.
Changing the temperature changes the energy available to the system.

Changing the temperature changes the total amount of energy in the system. Hence, Kc has a different
value. How this value responds to temperature change depends on whether the reaction is exothermic or
endothermic. Classifying an equilibrium reaction as exothermic or endothermic relates, by convention, to
the forward reaction as written in the equation. An endothermic reaction absorbs heat and has a positive ∆H
value. An exothermic reaction evolves heat and has a negative ∆H value.

If we consider an exothermic reaction, typified by the thermochemical equation:

A(g)+ B(g) ⇌ C(g) ∆H is negative

an increase in temperature requires the application of heat. Le Châtelier’s principle would predict that
the system tries to absorb some of this added heat. Hence, the backward reaction is favoured as it is
endothermic. A and B are produced at the expense of C, lowering the value of the equilibrium constant.
Thinking mathematically, when the value of the denominator in Kc increases, the value of Kc decreases.

This equation can also be written as:

A(g)+ B(g) ⇌ C(g)+ heat

where heat can be treated as a product.
A change in temperature can be identified on concentration–time graphs by its effect on the

concentrations without an obvious sudden change to any of the substances involved. For the reaction above,
the concentration–time graph might look like figure 6.11.
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FIGURE 6.11 A concentration–time
graph showing the effect of increasing
temperature on the equilibrium
A(g) + B(g)⇌ C(g), where ∆H is negative
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In an endothermic reaction under the same conditions,
the forward reaction would oppose the addition of heat.
Upon re-establishing equilibrium, the value of the equilibrium
constant would, therefore, be higher.

In summary:
• if a reaction is exothermic, an increase in temperature

decreases the equilibrium constant because more reactants
are favoured.

• if a reaction is endothermic, an increase in temperature
increases the equilibrium constant because more products
are favoured.

FIGURE 6.12 The equilibrium
reaction between brown NO2 and
colourless N2O4 is affected by
temperature. These tubes initially
contained equal amounts of gas;
the tube on the left is being cooled.

FIGURE 6.13 The general
relationship between Kc and
temperature for (a) exothermic
reactions and (b) endothermic
reactions

K
c

Temperature

(a)

(b)

(a) Exothermic reactions

(b) Endothermic reactions

SAMPLE PROBLEM 12

Suppose that, in the reaction:

A(aq)+ 2B(aq)⇌C(aq)

substance C has an easily detected red colour.
It is observed that heating the equilibrium mixture causes the red colour to fade.

a. What is the resulting effect on the Kc value?
b. Is this reaction an exothermic or an endothermic reaction?

Teacher-led video: SP12 (eles-XXXX)

THINK WRITE

a. The fading of the red colour implies that there has
been a net backward reaction. The value of Kc will,
therefore, be lower.

The Kc value will be lower.
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b. Kc has dropped as a result of an increase in
temperature, which means that the reaction (as
written above) must be an exothermic reaction.

It is an exothermic reaction.

PRACTICE PROBLEM 12
NO2 reacts with itself to produce N2O4 according to the following equation.

2NO2(g)⇌N2O4(g)

The progress of this reaction may be monitored by noting the change in the brown colour of NO2

because N2O4 is colourless (see figure 6.12). It is noted that as a sample of this mixture is heated, its
colour darkens. Is this reaction exothermic or endothermic?

Resources

Video eLesson Le Châtelier’s principle – change in temperature (med-0430)

Identifying a change graphically
As already established, concentration–time graphs are an informative way of summarising changes made to
an equilibrium system. The important features of such graphs are:
• changes in concentration that reflect the stoichiometric ratios of the equation
• the attainment of equilibrium as reflected by each concentration becoming a horizontal line and the

fact that each such concentration reaches a certain constant value. This occurs at the same time for
each substance.

• a sudden dip or spike in only one of the concentrations, which occurs when one substance has been
added or removed

• a sudden dip or spike in all the concentrations, which is reflective of a volume change. For a reaction in
the aqueous phase, this would represent a dilution. For a gas phase reaction, it could represent either
the compression or expansion of the sample.

• a change in the equilibrium values without an obvious spike or dip, which indicates that there has been
a temperature change

• all the reactants either increasing or decreasing together. All the products will change together in the
opposite way, i.e. one side of the equation will go up or down and the other side will go down or up.

Open versus closed systems
All reactions can be considered either closed systems or open systems. All the examples used so far have
been assumed to be closed systems, in which none of the substances involved is lost. In an open system
this is not the case. Because of this, equilibrium reactions that occur in open systems will need to have
Le Châtelier’s principle applied to them. For example, the decomposition of calcium carbonate upon
heating in a closed system reaches an equilibrium where the gaseous CO2 is in equilibrium with the solid
CaCO3 and CaO, according to the equation

CaCO3(s) ⇌ CaO(s)+ CO2(g)

However, if this reaction is carried out in an open container, the CO2 can escape. This is effectively
removing a product from the equilibrium mixture. Therefore, Le Châtelier’s principle predicts that more
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CaCO3 will decompose in an effort to replace it. As this is a continuous process, the end result will be that
all the CaCO3 present will eventually decompose.

Resources

Digital document Experiment 6.3 Temperature and the equilibrium constant (doc-31263)

Teacher-lead video Experiment 6.3 Temperature and the equilibrium constant (tlvd-xxxx)

6.6.6 Le Châtelier’s principle in industry
The manufacture of some important chemicals involves allowing for the fact that, at certain desired
temperatures, the values of their equilibrium constants are low. Examples of such chemicals are ammonia
(NH3), nitric acid (HNO3), and sulfuric acid (H2SO4). To make these chemicals on a large scale, the
chemical engineer must have a sound knowledge of equilibrium principles and also of rate principles. In
designing a plant, the engineer will ultimately be trying to:
• maximise the yield of the desired product by applying Le Châtelier’s principle to make as much of the

chemical as possible
• produce the desired chemical at an acceptable rate — it has to be made quickly enough to satisfy

market demand if the plant is to be economical
• balance the above two requirements against other variables, such as plant operating costs, to ensure

that the whole process is as economical and safe as possible.
The final design of such a plant is often a compromise between these factors.

THE HABER PROCESS
The Haber process is a single-step process in which nitrogen and hydrogen are reacted to produce ammonia
according to the equation:

N2(g)+ 3H2(g) ⇌ 2NH3(g) ∆H is negative

FIGURE 6.14 Production plant for ammonia and
nitrogen fertilizer. Note the large cooling towers.

This reaction is a good example of a dilemma
often faced by a chemical engineer. At normal
temperatures, the value of the equilibrium constant
is quite high, but the rate of reaction is very slow. In
other words, the mixture of nitrogen and hydrogen
is metastable. However, if the temperature is
increased to bring about a better rate, the yield
of ammonia quickly begins to suffer. This is
because the above reaction is exothermic and, as
temperature is increased, the value of its equilibrium
constant decreases. This puts the yield and rate,
two of the most important industrial factors, in
conflict. The ultimate design of the plant and its
operating conditions must reflect a compromise
between these factors.
A closer look at these factors reveals that we can

lessen the effect of this compromise in a number of
ways. These are:
• use a suitable catalyst to help obtain the rate required. This means that the temperature needed is lower
than that needed without a catalyst. The use of a lower temperature increases the yield by increasing the
value of the equilibrium constant. A lower temperature reduces the rate, but this can be compensated for
by using a catalyst, which increases the rate.

• compress the gases so that the reaction is carried out at high pressure. Le Châtelier’s principle predicts
that, if a system is pressurised, it tries to reduce that pressure. Consequently, there should be a tendency
to reduce the number of particles present. In this case, this means that the reaction proceeds to the right,
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as the forward reaction converts four molecules into two molecules, thus favouring the production of
ammonia.

• separate the ammonia from the unreacted nitrogen and hydrogen in the exit gases from the converter. This
nitrogen and hydrogen can then be recycled and may be converted into more ammonia.

In the operation of a typical plant, nitrogen and hydrogen are mixed in the 1 : 3 ratio required by the equation.
The gases are then compressed to about 250 atm and heated to about 500 °C. (These precise conditions may
vary slightly from one plant to another.) The gases then pass into the converter, which is a huge reinforced steel
cylinder containing 7 to 8 tonnes of pea-sized catalyst beads. The catalyst most often used is an iron catalyst
made from iron oxide, Fe3O4, with traces of aluminium oxide and potassium oxide.
When the gases leave this chamber they contain about 20% ammonia. By cooling the mixture, the ammonia

can be liquefied and separated. The unreacted nitrogen and hydrogen can then be recycled so that they pass
through the converter again. This is an example of green chemistry.
The energy costs in the operation of such a plant are one of its most important overheads. With careful

planning, energy costs can be minimised. In this case, the actual formation of the ammonia from its elements
is an exothermic process. The heat generated from this reaction can be made use of elsewhere in the plant,
rather than just being allowed to go to waste so heat exchangers are used. For example, the incoming cold
nitrogen/hydrogen mixture can be passed over pipes containing the hot gases that exit from the converter. The
resultant transfer of heat helps to heat the incoming gases and cool the exit gases.
There are further compromises in operation. Better yields of ammonia might be obtained by using higher

pressures, but this necessitates the use of more powerful pumping equipment and stronger reaction vessels to
withstand the extra pressure. Economically, it is not worthwhile to do this, because the extra ammonia produced
does not offset the extra costs involved in building such a plant.

6.6.7 An important biological application of Le Châtelier’s principle
An important concept in biology is that of homeostasis. This is the ability of an organism to maintain a
fairly constant internal environment, despite changes to the external environment. Such systems in the
human body are extremely important to our wellbeing and continued survival. We have many different ways
of maintaining homeostasis, most of which include chemical processes at equilibrium. Oxygen transport is
one such example.

Transport of oxygen by the blood
Although oxygen is soluble in water, this solubility is not high enough to enable the blood to supply
adequate amounts of oxygen to our cells. Therefore, the blood transports oxygen by a different
mechanism — the red blood cells. These cells contain a special protein called haemoglobin, which can
combine with oxygen to form oxyhaemoglobin. This is a reversible reaction that can be represented by the
equation:

Hb4 + 4O2 ⇌ Hb4(O2)4

where the symbol Hb4 represents the very complex haemoglobin molecule.

FIGURE 6.15 Red blood cells carry oxygen around
our bodies.

The position of this equilibrium is such that
normal bodily variations in oxygen concentration
can push it in either direction. When blood enters
the lungs, it is exposed to a high concentration of
oxygen. As oxygen is a reactant in this equation,
Le Châtelier’s principle predicts that more
oxyhaemoglobin is produced. The red blood cells
thus become loaded with oxygen. This mechanism
allows much more oxygen to be transported around
the body than by dissolving it in the plasma alone.
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FIGURE 6.16 The transport of oxygen around the body relies on how the differing conditions in the lungs and in
the tissues affect the haemoglobin–oxyhaemoglobin equilibrium.
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FIGURE 6.17 The exchange of gases in an
alveolus, part of the lungs. The alveoli are the
structures in the lungs that transfer gases into
and out of the blood supply.
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When the blood reaches the cells, there is a much
lower oxygen concentration because it is used in
cellular respiration. In response to this removal
of oxygen by respiration, the reaction responds
by moving to the left in an effort to replace this
oxygen. The oxyhaemoglobin decomposes back to
haemoglobin, its oxygen being unloaded for use by
the cells, and the haemoglobin molecules return to the
lungs to start the cycle again.

Carbon monoxide poisoning
Carbon monoxide (CO), is an odourless and very
poisonous gas. It is produced from the incomplete
combustion of fossil fuels, typically in situations
where the supply of oxygen to the combustion process
is limited. This lack of odour makes it particularly
dangerous because it can be inhaled without a person
realising it. This can quickly lead to unconsciousness. Typical situations in which this may occur include
leaking car exhausts, improperly maintained central heating units and the use of outdoor appliances such as
camping heaters and barbeques in enclosed spaces.

Carbon monoxide is so poisonous because the reaction between carbon monoxide and haemoglobin:

Hb4 + 4CO ⇌ Hb4(CO)4

is similar to that between oxygen and haemoglobin. This sets up a competing equilibrium with the
oxygen–haemoglobin system. An important difference is that the position of this equilibrium lies much
further to the right. The equilibrium constant for this reaction is about 20 000 times greater than that for the
oxygen–haemoglobin system. If there is carbon monoxide in the lungs, carboxyhaemoglobin will readily
form. When these blood cells reach the respiring cells, the reaction cannot be reversed. These blood cells
are thus effectively removed from the pool available to carry oxygen. If this happens to enough of them,
consequences can be fatal. A person would die of oxygen starvation, even though there might still be a
plentiful supply of oxygen in their lungs.
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SAMPLE PROBLEM 13

Explain why carbon monoxide is such a dangerous gas to inhale.

Teacher-led video: SP13 (eles-XXXX)

THINK WRITE

Recall that oxygen transport around the body
relies on free haemoglobin molecules being
able to bind with oxygen in the lungs, and
then being able to reverse this reaction in the
vicinity of respiring cells.
Recall that haemoglobin can bind with both
oxygen (normal) and carbon monoxide
(abnormal). Of these possibilities, the second
occurs to a far greater extent (it is essentially
irreversible under normal conditions).

Carbon monoxide reacts to a much greater
extent with haemoglobin than does oxygen.
Once carboxyhaemoglobin is formed it is
very difficult to reverse. The haemoglobin
molecules are thus removed from the pool of
molecules available for oxygen transport. If
too many are removed, oxygen starvation of
cells will occur and death may result.

PRACTICE PROBLEM 13
Explain how oxygen is transported around the body.

Treating victims of carbon monoxide poisoning
The level of carbon monoxide in the blood that can cause death is surprisingly low. The reason for this is its
ability to compete much more effectively than oxygen for the available haemoglobin.

If a victim of carbon monoxide poisoning is discovered soon enough, giving them oxygen-rich air to
breathe may reverse the dangerous changes that have taken place in their red blood cells. This treatment
relies on competing equilibria and Le Châtelier’s principle.

The two equations involved are:

Hb4 + 4CO ⇌ Hb4(CO)4

Hb4 + 4CO ⇌ Hb4(CO)4

FIGURE 6.18 Carbon monoxide fumes are a
serious problem in traffic-congested cities.

The extra oxygen has two effects. First, it pushes
the first equilibrium further to the right, thus making
more efficient use of the few uncombined haemoglobin
molecules that remain. The second effect follows from
the first: as haemoglobin is used up by this extra oxygen,
a reactant is effectively being removed from the second
equilibrium. Despite its higher equilibrium constant, this
reaction is forced in the backward direction to replace this
haemoglobin. Thus, the carboxyhaemoglobin complex is
encouraged to decompose and frees up the haemoglobin
for normal oxygen transport.
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6.6 EXERCISES
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Explain why a thermochemical equation is necessary to predict the effect of temperature on the extent of a
reversible reaction.

2. Describe the effect of each of the following changes on a reaction at equilibrium.
(a) Removing a product
(b) Adding a reactant
(c) Compressing a mixture being used to make ammonia according to

N2(g)+ 3H2(g) ⇌ 2NH3(g)

(d) Increasing the temperature of an exothermic reaction
(e) Adding water to double the volume in which the following reaction is occurring.

A(aq)+ 2B(aq) ⇌ 3C(aq)

3. Predict the effect of the stated change on each of the systems represented by the equations below.
(a) CO(g) + 2H2(g)⇌ CH3OH(g)

(adding methanol)
(b) CO(g) + H2O(g)⇌ CO2(g) + H2(g)

(increasing the pressure)
(c) 4HCl(g) + O2(g)⇌ 2H2O(g) + 2Cl2(g)

(increasing temperature, given that the reaction is exothermic)
(d) PCl5(g)⇌ PCl3(g) + Cl2(g)

(removing chlorine)
4. A student was asked to explain why the use of increased pressure should favour the formation of sulfur

trioxide, SO3, according to the equation:

2SO2(g)+O2(g) ⇌ 2SO3(g)

As part of her answer, she stated that ‘. . . the increased pressure will cause the system to move to the
right. The resulting increase in the equilibrium constant means that there will be more SO3 present’.
Criticise the chemical accuracy of her answer.

5. Making methanol on a commercial scale involves pumping a mixture of carbon monoxide and hydrogen
through a reaction chamber containing a mixture of ZnO and Cr2O3. This reaction is best carried out at a
particular temperature and at a particular pressure. The equation for this reaction is:

CO(g)+ 2H2(g) ⇌ CH3OH(g) ∆H = −91 kJmol−1

(a) To maximise the rate of this reaction, should it be carried out at high or low temperatures?
(b) To maximise the yield of this reaction, should it be carried out at high or low temperatures?
(c) Describe the function of the ZnO/Cr2O3 mixture and how it partially solves the problem posed by your

answers to (a) and (b).
(d) How could the methanol be easily separated from the exit gases? What should be done with the

unreacted CO and H2?
(e) Calculate the percentage atom efficiency for this reaction.

6. Haemoglobin is involved in the following two reactions:

Hb + 4O2 ⇌ Hb(O2)4 (reaction I)
Hb + 4CO⇌ Hb(CO)4 (reaction II)

(a) How does the value of the equilibrium constant for reaction II compare to that for reaction I?
(b) Respiring cells require oxygen. Explain how this triggers the reverse reaction in reaction I.
(c) Give two reasons why the reverse reaction for reaction II is not triggered by respiring cells.
(d) Patients suffering mildly from the effects of carbon monoxide may be given pure oxygen to breathe. In

terms of Le Châtelier’s principle, explain why this is done.
Questions 7 and 8 refer to the following reaction.

A(aq)+ 2B(aq)⇌ C(aq) ∆ > 0
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7. (a) What change was made to the equilibrium mixture at
time t1? Explain.
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(b) How does the rate of the forward reaction compare to
the rate of the backward reaction in the time period
between t1 and t2?

(c) What will be the effect on this graph if some substance D
is added at time t3? Explain.

8. In another experiment using the same reaction, the
following graph was obtained.
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(a) What is the significance of the lines to the left of t1?
(b) What change was made at time t1? Explain.
(c) What change was made at time t3? Explain.
(d) If a catalyst is also added at t3, what effect will this

have on the graph? Explain.
(e) Between them, a group of students use

concentration values immediately before t1,
immediately before t3 and immediately after t4 to
calculate Kc. How will their values compare? Explain.

9. Pure hydrogen iodide is a gas that partially
decomposes when heated according to the equation:

2HI(g) ⇌ H2(g)+ I2(g)

At 500 K, the equilibrium constant for this reaction is 6.25 × 10−3. At 600 Kc, the equilibrium constant
is 2.04 × 10−2.
(a) Is this reaction exothermic or endothermic?
(b) Calculate the value of the equilibrium constant at 500 K for the reaction:

H2(g)+ I2(g) ⇌ 2HI(g)

10. Methanol may be prepared commercially from carbon monoxide and hydrogen using a suitable catalyst,
according to the equation:

CO(g)+ 2H2(g) ⇌ CH3OH(g) ∆H = −92 kJ mol−1

(a) How could the pressure under which the reaction is performed be adjusted to maximise the yield of
methanol?

(b) How could the temperature at which the process is performed be adjusted to make more methanol?
(c) If extra carbon monoxide is added, how would this affect the amount of methanol produced?
(d) Which of the above proposals would actually change the value of the equilibrium constant?

11. The symbols of chemistry form an international language that can be read by anyone who understands it,
regardless of the language they speak. Following is one item from a Hungarian book of chemistry
questions.
Az ammónia oxidációs folyamatát az alábbi egyenlet fejezi ki:

4NH3 + 5O2 ⇌ 4NO+ 6H2O
Q = −226.5 kJ/mól

Az egyenletekben szereplö vegyületek közül a NO képzödéshöje pozitív, az NH3 és a víz kép′ódéshöje
negatív. Ennek ismeretében magyarázzuk meg, miért kell a reakciót nagy reakciósebességgel lejátszatni,
majd a reakciótermékeket gyorsan lehüteni?
(a) Describe the reaction referred to in the question.
(b) Is this reaction an exothermic or an endothermic reaction?
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(c) Would this reaction be best performed at a high or low temperature to obtain a high value for the
equilibrium constant?

(d) Would the formation of products in this reaction be favoured by high or low pressure?

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

studyON: past VCAA exam questions

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

6.7 Review
6.7.1 Summary
Reversible and irreversible reactions

• Many chemical reactions have lower yields than might otherwise be expected. They do not go to
completion. Such reactions are called equilibrium reactions. They can also be called reversible
reactions.

• The rate of a chemical reaction is different from its extent. Rate measures how quickly the reaction
takes place. Extent is a measure of the degree to which reactants are converted into products.

Homogenous equilibria

• Homogeneous reactions are reactions that occur in a single phase. Two common examples are aqueous
reactions and gas phase reactions.

• Equilibrium reactions always reach a point at which no further change seems to be occurring. Such
reactions have not stopped, the rate of the forward reaction has just become equal to the rate of the
backward reaction. This is referred to as the dynamic nature of the equilibrium state.

• The process of attaining equilibrium, and the equilibrium state itself, can be explained in terms of
reaction rates and collision theory.

• Equilibrium reactions may be represented by rate–time graphs and concentration–time graphs.
• Equilibrium reactions are also represented by balanced chemical and thermochemical equations. In

such equations, the single arrow is replaced by a double arrow (⇌) to highlight the reversible nature of
these reactions.

Calculations involving equilibrium systems

• At equilibrium, it is possible to write a fraction involving the equilibrium concentrations of all species
present, which is related to the stoichiometry of the reaction. This fraction always has a constant value
(at a particular temperature) and is given the symbol Kc. This is called the equilibrium law.

• It is also possible to write and evaluate this fraction at any stage of a reaction, in which case, it is
usually given the symbol Q. If the value obtained for Q is not equal to Kc, the reaction is not at
equilibrium. The changes taking place as the reaction seeks to attain equilibrium can be predicted by
comparing the values of Kc and Q.

• The magnitude of the equilibrium constant, Kc, gives us an indication of the extent of an equilibrium
reaction.

• The equilibrium constant has units that depend on the equation that it refers to. For some reactions, it
is also possible that it has no units.

• Quantitative predictions may be made by performing calculations based on the equilibrium law.
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Measuring the efficiency of a reaction or process

• The yield of a chemical reaction is usually expressed as a percentage and is given by the formula

% yield = actual yield

theoretical yield
× 100

1

• The atom efficiency of a reaction or process is usually expressed as a percentage and is given by the
formula

% atom economy = molarmass of desired product

molarmass of all reactants
× 100

1

Le Châtelier’s principle

• There are a number of ways that changes may be made to a reaction that is at equilibrium. These
include the addition or removal of a participating substance, dilution, pressure changes (through
compression or expansion) and temperature changes.

• Le Châtelier’s principle may be used to predict the effect of a change to a mixture that is at
equilibrium.

• Concentration–time graphs are a particularly useful way of summarising changes made to equilibrium
mixtures and the subsequent response of the system to these changes.

• Equilibrium reactions are important in many situations. Many useful chemicals are manufactured
industrially using such reactions. They are also important biologically, as illustrated by the way that
oxygen is transported around the body using haemoglobin.

• Carbon monoxide poisoning involves competing equilibrium reactions. Carbon monoxide competes
very effectively with oxygen, resulting in a drastic reduction in the amount of haemoglobin available
for oxygen transport.

6.7.2 Key terms

closed system a system in which all the reactants and products are contained in some manner with no escape
to the surrounding environment.

concentration fraction essentially, the concentrations of the products divided by the concentrations of the
reactants, including the coefficients of each component in the reaction

dynamic nature of equilibrium refers to the fact that at equilibrium forward and backward reactions are
occurring at the same rate.

equilibrium constant the value of the concentration fraction at equilibrium; also called the equilibrium constant, Kc
equilibrium law the relationship between the concentrations of the products and the reactants, taking into

account their stoichiometric values
equilibrium reaction a reaction in which both forward and reverse reactions are significant.
green chemistry a relatively new branch of chemistry that emphasises reducing the amounts of wastes

produced, the more efficient use of energy and the use of renewable and recyclable resources.
haemoglobin the oxygen-carrying pigment and predominant protein in red blood cells
heterogeneous reaction a reaction in which some of the substances involved are in different phases.
homogeneous reaction a reaction in which all of the substances involved are in the same phase.
immiscible does not form a homogeneous mixture when mixed with another liquid
irreversible reaction a reaction which, to all practical purposes, occurs only on the forward direction.
Le Châtelier’s principle When a change is made to an equilibrium system, the system moves to counteract the

imposed change and restore the system to equilibrium.
open system a system in which some or all the reactants or products can escape to the surrounding

environment.
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percentage atom economy given by the formula

% atomeconomy = molar mass of desired product
molar mass of all reactants

×
100

1

percentage yield given by the formula

% yield = actual yield
theoretical yield

×
100

1

reaction quotient essentially, the concentrations of the products divided by the concentrations of the reactants,
including the coefficients of each component in the reaction

reversible reaction a reaction in which the reformation of products into reactants occurs to a significant extent.
yield amount of product

Resources

Digital document Key terms glossary — Topic 6 (doc-31400)

6.7.3 Practical work and experiments

Experiment 6.2
Investigating changes to the position of an equilibrium

Aim: To observe the effect of a number of changes on the position of
the equilibrium represented by the equation: Fe3+(aq) + SCN(aq)⇌
Fe(SCN)2+(aq)

Digital document: doc-31262

Teacher-led video: tlvd-xxxx

Experiment 6.3
Temperature and the equilibrium constant

Aim: To observe the effect of temperature on the value of an equilibrium
constant

Digital document: doc-31263

Teacher-led video: tlvd-xxxx

Resources

Digital documents Practical investigation logbook (doc-31401)

Experiment 6.1 Modelling an equilibrium (doc-31261)
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6.7 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question,
go to your learnON title at www.jacplus.com.au.

6.7 Exercise 1: Multiple choice questions
1. A reaction has an equilibrium constant, Kc, of magnitude 2.56 × 10−7. From this we can say that:

A. there will be minimal conversion of reactants into products
B. equilibrium will be established very quickly
C. equilibrium will be established very slowly
D. the backward reaction will have a faster rate than the forward reaction.
Use the following information to answer questions 2–4.
An equilibrium reaction is represented by the thermochemical equation:

2A(g)+ 2B(g) ⇌ 3C(g) ∆H = −10 kJmol−1

2. The correct expression from which to calculate the equilibrium constant for this reaction is:

A.
[A][B]
[C]

B.
[A]2[B]2

[C]3
C.

[C]3

[A]2[B]2
D.

[C]
[A][B]

3. The units for the equilibrium constant for this reaction are:

A. M B. M
−1
2 C. M–1 D. M

1
2

4. If the temperature at which this reaction is carried out is lowered, the value of Kc will:
A. increase
B. decrease
C. remain the same
D. change in a manner related to the total number of particles on each side of the equation.

5. If some product is removed from a system that is at equilibrium:
A. the value of the equilibrium constant would decrease
B. a net backward reaction would result
C. the rate of the backward reaction would increase
D. extra product would be produced to re-establish the equilibrium.
Use the following information to answer questions 6–8.
The reaction represented by the equation:

CO2(g)+ H2(g) ⇌ CO(g)+ H2O(g)

has an equilibrium constant, Kc, of 1.58 at 990 °C.
In an experiment, the concentrations of these four substances were measured at a particular time. The

values obtained were:
[CO2] = 0.00208 M
[H2] = 0.00221 M
[CO] = 0.00270 M
[H2O] = 0.00250 M

6. Which of the following statements is true of this reaction at this time?
A. There is a net forward reaction.
B. There is a net backward reaction.
C. The rate of the backward reaction is faster than the rate of the forward reaction.
D. The reaction is at equilibrium.
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7. After equilibrium was established, the volume of the container was increased. Which of the following
statements about the effect of this change is true?
A. There will be no effect on the concentrations of any of the substances.
B. There will be no effect on the amounts of any of the substances.
C. The concentration of carbon monoxide will increase.
D. The amount of carbon monoxide will increase.

8. In another experiment involving the same reaction (and at the same temperature), a mixture was
allowed to reach equilibrium. At this point, the concentrations of CO2, H2 and CO were 0.0046 M,
0.00067 M and 0.0022 M respectively. The concentration of H2O would therefore have been:
A. 0.0009 M B. 0.0016 M C. 0.0022 M D. 0.0044 M
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Use the following information to answer questions 9 and 10.
A reaction between the chemicals A, B and C is allowed to
reach equilibrium. The equation for this reaction is:

A(g)+ 2B(g) ⇌ C(g)

At a certain time, t, a change is made.
The following graph shows the concentration of each of these
substances before and after this change.

9. What type of change was made at time t?
A. The addition of one of the substances
B. The removal of one of the substances
C. An increase in volume
D. A decrease in volume

10. From top to bottom, the graphs refer to the substances:
A. C, B, A B. A, B, C C. B, A, C D. C, A, B.

6.7 Exercise 2: Short answer questions
1. Two students, Isla and Colin, were discussing the use of M as a unit. Colin stated that Kc can’t have

these units because M is a unit of concentration. However, Isla maintained that, although it is a unit of
concentration, Kc could also sometimes have this unit. Who is correct? Explain.

2. In a 10 L vessel, 0.20 mol of SO2, 0.40 mol of O2 and 0.70 mol of SO3 were mixed and allowed to
come to equilibrium. Upon establishment of equilibrium, it was found that 0.30 mol of SO3 remained.
Calculate the value of the equilibrium constant for this reaction, given that the equation is:

2SO2(g)+ O2(g) ⇌ 2SO3(g)

3. An equilibrium mixture consisting of hydrogen, iodine and hydrogen iodide was analysed. It was found
that 1.1 mol of hydrogen and 3.3 mol of hydrogen iodide were present in a 3.0 L container at a
temperature of 600 K.
a. If the value of the equilibrium constant, Kc, is 49 for the reaction:

H2(g)+ I2(g) ⇌ 2HI(g)

calculate the concentration of iodine.
b. Why is the temperature specified in this question?

4. Both oxygen, O2, and carbon monoxide, CO, can attach to the haemoglobin molecule. Under the
normal biological conditions within the body, O2 attaches itself to haemoglobin in the lungs and
detaches itself when the haemoglobin is in the vicinity of respiring tissues. Carbon monoxide can also
attach itself to haemoglobin while in the lungs, but is unable to detach when near respiring tissues.
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a. Using the symbol Hb4 as an abbreviation for the haemoglobin molecule, write an equation for the
reaction between haemoglobin and oxygen.

b. Write an equation for the reaction between haemoglobin and carbon monoxide.
c. Write the expression for the equilibrium constant for each of the reactions.
d. From the information above, comment on the relative values of the equilibrium constants for the

reactions.
e. From your answer to (d), explain why carbon monoxide is such a poisonous gas.

5. The formation of ethyl acetate, CH3COOCH2CH3, is represented by the equation:

CH3COOH(l)+ CH3CH2OH(l) ⇌ CH3COOCH2CH3(l)+ H2O(l)

The value of Kc for this reaction is 4.
A number of experiments were conducted in which various amounts of these chemicals were mixed

and allowed to react for varying periods of time. The results are tabulated below.

Experiment [CH3COOH] [CH3CH2OH] [CH3COOCH2CH3] [H2O]

1 1 1 1 1

2 4 0.5 2 4

3 1.5 1 3 1.5

4 0.5 1 1.5 2

5 1 1.5 2 3

6 3 2 1.5 1

a. In which experiments had equilibrium been achieved by the time of the analysis?
b. For those not at equilibrium, in which direction would the reaction proceed to establish equilibrium?

6. The table shows the percentage formation of a product in equilibrium mixtures at different temperatures
and pressures.

Pressure (×105 Pa) Temperature (°C)

200 300 400 500

1 10 3.5 1.3 0.5

200 64 30 23 19

300 98 62 43 21

a. Is the reaction under study exothermic or endothermic?
b. If the equation for this reaction was written, how would the number of particles on the right-hand

side compare with the number on the left?
7. Ammonia may be prepared according to the equation:

N2(g)+ 3H2(g) ⇌ 2NH3(g) ∆H = −92 kJmol−1

In a particular experiment using typical industrial equipment, at a particular temperature, T,
equilibrium was obtained with 4.32 mol of N2, 2.00 mol of H2 and 4.00 mol of NH3 present in a 2.00 L
pressure vessel.
a. Calculate the value of the equilibrium constant at the temperature of this experiment.
b. Calculate the pressure exerted by the mixture of gases at equilibrium in terms of T.
c. If the volume of the pressure vessel is reduced (at constant temperature), what effect would this have

on the amount of NH3 present?
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8. In an experiment, the equilibrium established
between substances A, B and C was investigated.
Certain initial concentrations of each substance
were mixed and then allowed to come to
equilibrium.
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The reaction between these three substances may be
represented by the equation:

A+ yB ⇌ zC

The changes in concentration are shown in the graph.
a. Identify which line belongs to which substance.
b. During the first 30 seconds of the experiment, how

does the rate of the forward reaction compare with
the rate of the backward reaction?

c. After 30 seconds, how does the rate of the forward reaction compare with the rate of the backward
reaction?

d. From the graph, identify the values of y and z in the equation.
e. Calculate the equilibrium constant for this reaction.

9. In an investigation of the decomposition of
hydrogen iodide, represented by the equation:

0 2 4 6 8 10 12 14 16 

Time (minutes)

[H
I]2HI(g) ⇌ H2(g)+ I2(g)

the following concentration–time graph was obtained.
a. Describe what happened during the first two minutes

of the experiment.
b. Describe what was happening from the four- to

eight-minute marks.
c. Give an explanation for the cause of the dip in the

graph at the eight-minute mark.
d. What do you think might have happened at the 14-minute mark?
e. What do you think might have happened at the 16-minute mark?
f. Did the change occurring at the 16-minute mark affect the equilibrium or not? Explain.

10. Upon dissolving in water, the sugar 𝛼-d-glucose undergoes conversion into an isomer called
𝛽-d-glucose. This process is called mutarotation and reaches equilibrium when 63.6% of the original
𝛼- d-glucose has been converted. Calculate the value of the equilibrium constant for this process.

6.7 Exercise 3: Exam practice questions
Question 1 (10 marks)
A simple form of colorimetric analysis may be used to study the equilibrium represented by the
following equation.

Br2(aq)+ 2OH−(aq) ⇌ OBr−(aq)+ Br−(aq)+ H2O(l) ∆H = +15 kJmol−1

As molecular bromine, Br2, is the only coloured species in this reaction, its red-brown colour may be
used to monitor various changes made to this equilibrium.

A student performed an experiment where 10 mL samples of reaction mixture were poured into identical
test tubes. The three changes listed below were then made to different samples of the equilibrium mixture.
The colours before and after the changes were compared.

Change 1: A small amount of solid potassium bromide was added and the mixture stirred to dissolve it.
Change 2: A small amount of solid sodium chloride was added and the mixture stirred to dissolve it.
Change 3: The solution was warmed from room temperature to 50 °C.
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For each of these three changes:
a. state whether you would expect the solution to darken, lighten or stay the same 3 marks
b. use Le Châtelier’s principle to explain your answer in (a). 7 marks

Question 2 (9 marks)
Consider an equilibrium at room temperature that is represented by the following equation.

2A(g)+ B(g) ⇌ 2C(g) ∆H = −100 kJmol−1;Kc = 10.0 M−1

For this reaction, it is possible to calculate the value of Q at any stage of the reaction using the following
formula.

Q = [C]2

[A]2[B]

In one particular experiment, 1.5 mol of A, 0.50 mol of B and 2.5 mol of C are mixed in a 2.0 L container
at room temperature.
a. Calculate the value of Q at the start of this experiment. 2 marks
b. Use your answer to (a) to explain how the rate of the forward reaction compares with the rate of the

backward reaction at the start of this experiment. 1 mark
c. Some time later, the rates of the forward and backward reactions are measured and found to be equal.

What is the value of Q at this time? Explain. 2 marks
The experiment is now repeated under identical conditions, except that a catalyst is added to the initial

mixture. The rates of the forward and backward reactions are again monitored over a period of time.
d. How would the initial rate of the forward reaction in the second experiment compare with the initial rate

of the forward reaction in the first experiment? 1 mark
e. How would the initial rate of the backward reaction in the second experiment compare with the initial

rate of the backward reaction in the first experiment? 1 mark
f. After waiting the same amount of time as for (c), what would be the value of Q in the second

experiment? Explain. 2 marks

Question 3 (11 marks)
The reaction represented by the equation:

xC(g) ⇌ yA(g)+ B(g)

is studied by monitoring the concentration of its three species over time. The following graph shows the
results that were obtained. Note that one of the substances is already labelled.
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a. Label the other two lines on the graph with their correct substances. 2 marks
b. What are the values of x and y in the equation above? 2 marks
c. Calculate the value of the equilibrium constant immediately before time t1. 2 marks
d. What change was made to this system at time t1? Explain. 2 marks
e. At time t2, the temperature was increased. Is this reaction exothermic or endothermic? Explain your

reasoning, clearly showing any necessary calculations. 3 marks

Question 4 (12 marks)
The highly toxic gas hydrogen cyanide (HCN) may be produced by the reaction of carbon monoxide with
ammonia, according to the following equation.

2CO (g)+ NH3 (g) ⇌ HCN (g)+ CO2 (g)+ H2 (g) ∆H > 0

This reaction is being investigated in a well-equipped laboratory using a 500 mL gas syringe.
In one particular experiment a mixture of CO and NH3, along with a suitable catalyst, was injected into

the syringe and the mixture allowed to come to equilibrium at a particular temperature. The mixture was
then analysed and the following results were obtained.

Mass of CO present = 0.035 g
Mass of NH3 present = 0.011 g
Mass of HCN present = 0.057 g

a. List two safety concerns for this experiment. Suggest how one of these could be minimised. 3 marks
b. Write the expression for the equilibrium constant for this reaction. 1 mark
c. Calculate the equilibrium concentrations of each of the substances involved. 4 marks
d. Calculate the value and units for the equilibrium constant for this reaction at the temperature of the

experiment. 2 marks
e. If the volume of the syringes is reduced from 500 mL to 400 mL

i. what will be the effect on the mass of hydrogen cyanide present? 1 mark
ii. what will be the effect on the concentration of hydrogen cyanide present? 1 mark

Question 5 (5 marks)
Nitrogen oxides are serious air pollutants and are commonly found in areas where there is a high
concentration of cars.

Nitrogen monoxide, NO, is produced from the reaction between nitrogen and oxygen at high
temperatures, typically 1500 oC. The equation for this reaction is

N2(g)+ O2(g) ⇌ 2NO(g) ∆H = +181 kJ mol−1

a. This temperature is often reached during the combustion of petrol in a car engine. Explain how these
conditions favour NO production. 2 marks

This reaction was investigated by placing a mixture of nitrogen and oxygen gas in a sealed container,
the volume of which can be increased or decreased. The temperature was held steady at 1500 oC.Using
a data logging device, the concentration of NO is monitored to produce a concentration time graph.
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b. The volume is now halved. Continue the graph to show how this change would affect the reaction system
and how the system would respond to this change until equilibrium is restored. 2 marks

Time

NO

c. The volume is now returned to its original value and the temperature increased to 2000 oC.
How does the equilibrium mixture at this temperature compare to that at 1500 oC?
Explain your reasoning. 1 mark

Past VCAA examinations
Sit past VCAA examinations and receive immediate feedback, marking guides and examiner’s report notes.
Access Course Content and select ’Past VCAA examinations’ to sit the examination online or offline.
Fully worked solutions and sample responses are available in your digital formats.

Test maker
Create unique tests and exams from our extensive range of questions, including past VCAA questions.
Access the Assignments section in learnON to begin creating and assigning assessments to students.
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